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Abstract
Modeling Natural Fracture Networks:
Establishing the Groundwork for Flow Simulation at Teapot Dome, Wyoming
Valerie L. Smith
Local properties of a fractured reservoir are characterized using borehole geophysical
logs. These properties are extrapolated to reservoir scale for future use in flow simulation and
history matching exercises. The development of a reservoir scale fracture model is
undertaken using data for the Tensleep oil reservoir at Teapot Dome, Wyoming. The
Tensleep reservoir intervals at Teapot Dome are formed in tight eolian sands that produce
primarily from open fracture systems. On the local scale, FMI logs were used to define the
dominant systematic fracture sets existing in the reservoir. FMI logs reveal the presence of
open fracture systems that consist predominantly of two hinge-oblique sets and one hingeparallel. The local structural hinge trends about N30W. Fractures with the NW hinge-oblique
orientation are more numerous than the hinge-parallel and NE-hinge-oblique sets. Dominant
hinge-oblique fractures have an average N71W strike that closely parallel the strike of
drilling induced fractures (N74W). Spacing, length and aperture distributions are also
estimated for the fracture sets comprising the fracture network. Local fracture characteristics
are combined with 3D seismic analysis to produce a layered starting model of the reservoir
scale fracture systems suitable for flow simulation.
A 3D model has been developed that incorporates both the matrix and fracture
properties for the reservoir. The reservoir model consists of 54648 cells that are 100 x 100
feet in size and distributed in five geologic zones corresponding to major stratigraphic
subdivisions of the reservoir including a water drive. Each zone includes a uniquely defined

open fracture network. The matrix portion of the model is characterized by matrix porosity
and permeability, relative permeability, oil-water contact depth, and initial reservoir pressure.
The fracture portion of the model consists of eleven fracture sets distributed among Tensleep
sandstones A and B, and an intervening Dolomite B. The fracture sets are based on FMI log
observations and are distributed within the reservoir model using Petrel’s ant tracking 3D
seismic attribute. In future work, these analyses can be used to refine simulation models for
accurately matching production histories in the field.
Preliminary flow simulation results for both a single porosity matrix model and single
porosity fracture network model significantly underestimate historical oil and water
production from the Tensleep reservoir. Future work will require refinement of both matrix
and fracture network properties and additional development activities on the part of
Schlumberger to successfully run a true dual permeability simulation.
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Chapter 1.
Introduction
1.1 Objective
The primary objective of this research is to develop a realistic starting model of the
Tensleep fracture network at Teapot Dome, Wyoming, and to establish procedures for
developing a 3D gridded reservoir model for use with Schlumberger’s ECLIPSE flow
simulator.
The analysis of fluid transport in tight naturally fractured reservoirs requires detailed,
often hard to obtain, information about the reservoir’s fracture network. The properties of the
network that control flow within the reservoir include fracture orientation, relative abundance
of different fracture sets, length, aperture, intersection frequency and fracture clustering
(Hatzignatiou and McKoy, 2000). An accurate model of the reservoir fracture network can
help improve the efficiencies of enhanced oil recovery and CO2 sequestration operations.
At depth, detailed data can be gathered through core samples, FMI logs, and acoustic
borehole televiewers. Fracture models developed from limited borehole observations can be
extended into the surrounding area using 3-D seismic data and well production (history) data
(Hart and Balch, 2000). Core data and FMI logs provide information about fracture
abundance, orientation, aperture, and spacing, with coverage limited to logged and cored
intervals and also by the borehole diameter. The ability to extend borehole interpretations
into the surrounding area is dependent on the number and distribution of wells that penetrate
the reservoir of interest. The challenge is to extrapolate the extent and distribution of the
fractures observed in the borehole into the surrounding strata.
Characterization of fracture networks often begins with a geometric model portraying
the cylindrical borehole intersecting a fracture represented by a circular plane (Özkaya,
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2003). Using this approach, borehole intersections of multiple fractures can be used to
estimate minimum fracture spacing. FMI data also provide a measure of fracture aperture. A
relationship between fracture aperture and length (e.g. Vermilye and Scholz, 1995) is used to
estimate fracture length distributions based on FMI aperture observations. These properties
along with fracture orientation and relative abundance of different open fracture sets have to
be incorporated into the fracture network model. Orientation and spacing data can be
obtained from FMI logs as noted. In this study, outcrop observations are also used to validate
network properties.
Fracture orientations and distributions can vary considerably depending on the
lithology and deformation history of the rock. Stochastic fracture model generation is a
critical step in the development of realistic simulations of Tensleep oil production. The
validity of the starting model requires accurate approximation of the reservoir fracture
network parameters. This helps ensure that variations in the properties of the fracture
network required to match production history yield a realistic model consistent with the
observations.
Since this is a tight naturally fractured reservoir, future work would require
interactive simulations to help validate and refine the representation of the actual properties
of the reservoir fracture networks.
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1.2 Organization
This thesis is presented in three main parts. In Chapter 2, I focus on analysis and
modeling of the reservoir scale natural fracture network observed in the Tensleep Formation
that control oil production from Teapot Dome, Wyoming. In Chapter 3, I investigate the
Tensleep production history of 18 wells at Teapot Dome and develop a 3D reservoir model
consisting of both matrix properties and fracture networks. Chapter 4 looks at some
preliminary flow simulations to assess the fractured reservoir model.
Chapter 2 presents a review of the reservoir fracture characterization work presented
by Schwartz (2006) for the Tensleep reservoir. The work of this earlier study is revised and
considers the influence of bedding dip. Fracture characterization for the Tensleep at Teapot
Dome also incorporates the work of Gilbertson (2006) on Tensleep outcrops exposed along
Alcova anticline located 56 miles southwest of Teapot Dome. 3D seismic attributes are used
to guide the model fracture network density distribution within the reservoir. The chapter
concludes with the presentation of the reservoir fracture network model.
Chapter 3 describes the work involved in creating a reservoir model for the Tensleep.
It begins by examining the production history to help define the spatial extent of the reservoir
model, as well as, the temporal component necessary for flow simulations. The reservoir
characteristics are presented and described, including how the reservoir is subdivided into
zones, followed by upscaling of fracture networks within the reservoir.
Summarizing the work in Chapter 4, preliminary flow simulations evaluate the initial
fracture network. The outgrowth of the research is discussed and summarized. A
recommendation for future simulation work is to refine the fracture network through
production history matching.
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Chapter 2.
Estimating Reservoir Scale Fracture Networks in the Tensleep Formation
Using FMI Logs and 3D Seismic, Teapot Dome, Wyoming
Abstract:
FMI log observations and 3D seismic data are used to develop a reservoir fracture
network for the Tensleep Formation at Teapot Dome in Wyoming. Oil production from the
Tensleep is restricted to a mile-square area of structural closure on the southern end of the
dome. Tensleep open fracture systems inferred from FMI logs consist predominantly of three
sets including two hinge-oblique sets and one hinge-parallel set. Fractures with the NW
hinge-oblique orientation are more numerous than the hinge-parallel and NE-hinge-oblique
sets. They strike on average N71W relative to a N30W hinge line and closely parallel the
drilling induced fractures in the Tensleep which have average strike of N74W.
Production from the field occurs in the upper A and B sandstone members which
coincide with oil staining observed in cores. No open fractures were observed in the A
Sandstone in the FMI well from the producing area. Fractures in the B Sandstone consist
primarily of the hinge-parallel set (average strike N23W). A smaller number of open
fractures in the B Sandstone have the hinge-oblique (~N70W) strike. The B Dolomite has
more open fractures than either the A or B sandstones; the fractures in the B Dolomite consist
primarily of the hinge-oblique set (~N75W). In previous studies, the B Dolomite, is assumed
to represent a permeability barrier (Friedmann and Stamp, 2005), however the presence of a
significant open fracture network suggests it is at least locally capable of facilitating flow.
Spacing, length, and aperture distributions are estimated for the fracture sets comprising the
fracture network that controls production from these tight eolian dune sand deposits.
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Network properties inferred from the FMI data are combined with 3D seismic analysis to
develop a layered fracture model suitable for field-scale flow simulation.
2.1 Introduction
Understanding the geometry of fracture networks is important to improving
production of residual oil from depleted reservoirs through CO2 flooding. Prevention of early
breakthrough during CO2 recovery will help improve production efficiencies and increase
sequestration volume. This research increases the understanding of the relationship between
the fracture systems and production from the Tensleep Formation at Teapot Dome in
Wyoming. Results from this study may help guide CO2 injection design, increase the
production efficiency of matrix bound oil, and maximize CO2 sequestration.
This research includes review and revision of earlier FMI log based fracture
characterization presented by Schwartz (2006). Statistical parameters describing bedding and
fracture orientations, fracture aperture, and fracture density are used as basic inputs into
Petrel’s fracture network generator to examine the influences of the Tensleep fracture
network on oil production.
3-D seismic data over the field (courtesy of the Rocky Mountain Oil Testing Center RMOTC) is used to define the structural context of the producing area and extend inferred
fracture systems into the surrounding area. Faults observed in the seismic data may also
influence production. Additional information about potential variability in the fracture
networks within the Tensleep reservoir is inferred from 3D seismic over the field using
Schlumberger’s ant tracking process. A curvature attribute (Hart and Sagan, 2005) was also
evaluated but not included in the final analysis.
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Flow simulations undertaken in this research (Chapter 4) make use of Schlumberger's
Petrel software. Petrel integrates well, seismic, and log based fracture models into the
Schlumberger ECLIPSE flow simulator. Detailed structural models that incorporate dome
geometry and seismic-scale fault systems interpreted in the 3-D seismic are developed in this
phase of the study for incorporation into later flow simulations.
2.2 Research Site
Teapot Dome is located in Natrona County, Wyoming, about 30 miles north of
Casper (Klusman, 2005). The oil field is situated east of route 295 just south of Edgerton,
Wyoming (Figure 2-1A) near 43.27° N by 106.18° W in the Teapot Rock 7.5-minute USGS
Quadrangle.
Operation of the field started in 1915 when it was established as the National
Petroleum Reserve #3. There was some oil produced from shallow intervals during the
Teapot Dome scandal of the 1920’s. The area was predominantly maintained as a reserve
until 1976 when full scale development of the field began. Hydrocarbons have been produced
from nine zones extending from the Pennsylvanian Tensleep through the Cretaceous
Shannon Formation (Figure 2-1B). In 1981 the field’s production peaked and then began to
decline. In 1992 the US Department of Energy converted the field into a working laboratory.
The Rocky Mountain Oilfield Testing Center (RMOTC) was created to manage the Teapot
Dome field. Today, the area is used by industry, government, and academia to study geology,
EOR techniques, CO2 sequestration, new drilling methods, and to develop new technologies
(Roth, 2005). Experiments managed through RMOTC yield abundant public domain data
which is made readily available to collaborating researchers.
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Figure 2-1. A) Teapot Dome oil field is located north of Casper, Wyoming. Top: modified,
Gilbertson, 2006. Bottom: location and field outline. B) Stratigraphic column for Teapot
Dome showing oil bearing zones that are productive.
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Teapot Dome is being evaluated as a site for carbon dioxide sequestration and
enhanced oil recovery (EOR) (Friedmann, 2006). Injection of CO2 into oil reservoirs has
been used for many years for tertiary recovery operations. The structural traps formed by the
dome have held significant volumes of oil, water, and gas in place for millions of years and
offer significant long term storage for CO2, if handled properly. CO2 EOR provides value
added incentives to parallel CO2 sequestration efforts. The successful implementation of CO2
sequestration requires accurate characterization of individual reservoirs along with careful
evaluation of their response to long term CO2 storage.
Teapot Dome is an excellent site to conduct fracture controlled flow simulations
because of the availability of FMI logs, production data, 3D seismic data, geophysical logs
from all the producing Tensleep wells, along with additional wells used for a variety of
monitoring experiments (Friedmann, 2003). In total, 350 wells having digital log data were
used in this research. Forty of these wells penetrated the Tensleep. The Tensleep horizon is
interpreted from 3D seismic data (Figure 2-2A). The research presented here focuses on the
Tensleep reservoir across the dome’s hinge in the southern portion of the field. The reservoir
consists of Tensleep sandstones A and B separated by an intervening Tensleep Dolomite B.
The number of wells penetrating the Tensleep in this region is limited to the eighteen
producing wells in the southern part of the field that have production data (Figure 2-2B).
Two of the wells from this area have FMI logs. Three additional wells with FMI logs are
located along the hinge of the structure, two to the north of the productive area, one to the
south (Figure 2-2A).
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Figure 2-2. A) The Tensleep horizon, interpreted from 3D seismic data, is presented in twoway time (milliseconds). The locations of the 5 FMI wells, used for fracture network model
development are also shown. B) Contour map of cumulative Tensleep oil production (1978 to
2004) superimposed on Tensleep horizon interpretation. Contour map is based on the 18
producing wells located on the structural high in Section 10.

2.3 Physiographic Province
Teapot Dome is situated in the upper portion of the Great Plains physiographic
province. The area is considered an upland plateau with gentle undulating hills. Some areas
are broken by rough terrain and occasional buttes. Surface elevation at Teapot Dome is
approximately 5200 feet above sea level. At the surface the dome is approximately two and a
half miles wide and seven miles long. Exposure of the Parkman sandstone of the Mesa Verde
Formation forms a series of hogbacks that outline the dome.

10

Teapot Dome is located near the southwestern edge of the Powder River Basin,
Figure 2-1A. The area lies south of the maximum extent of recent glaciations. The amount of
precipitation coupled with geographic relationships has caused the area to develop into
grassland.
The development of landforms along the structure is largely controlled by drainage
along extensional fracture systems across the crest and flank of the dome. These fractures
permit the infiltration of water and the development of streams. The northward trending
Teapot Creek is the dome’s major drainage feature.
2.4 Geologic Structures, History, and Stratigraphic Column
Teapot Dome is an elongate, approximately north-west trending domal structure. It is
technically an asymmetric, doubly plunging, basement-cored anticline (Cooper, 2001). This
dome developed in response to a basement up-thrust along the western edge of the Power
River Basin. Reverse faults cutting through the dome’s Paleozoic stratigraphic core are
rooted in the basement. The western limb of the dome dips more steeply (up to 30 degrees)
than the eastern limb (~14 degrees). Structure contours on the top of the Shannon Sandstone
reveal considerable structural complexity in the dome.
Outcrops of the Mesa Verde Formation outline the southern perimeter of the dome.
The dome has a prominent thrust fault along its western margin (Figure 2-2A). An east-west
seismic section across Teapot Dome (Figure 2-3) shows an asymmetrical fold developed over
a basement high. All reservoirs of interest lie above 1500 ms two way time. The base of the
Madison limestone lies at ~1300 ms. The most productive part of the Tensleep lies
immediately to the south of the S1 fault which has a northeast strike, (Figure 2-2B and 2-3).
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Figure 2-3. Inline 130 showing horizon and fault interpretation from Teapot Dome 3D
seismic dataset. The dimensions of this profile are approximately 1 mile in depth by 2 miles
wide. Inset: Map view of two-way time for the Tensleep refection event.
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The dome developed primarily in response to the Late Cretaceous to mid Tertiary
Laramide Orogeny. The dome formed 75 to 55 million years ago along the distal edge of the
orogeny (Harding, 1985). The region impacted by the Laramide extends from the west coast
into eastern Wyoming, Colorado, and New Mexico (Figure 2-4). The mountains that formed
during the Laramide experienced significant erosion during the late Cretaceous and the
valleys between the ranges filled in with these sediments (Whitehead, 1996). Since then the
region has experienced additional uplift (Monroe and Wicander, 1995).

Figure 2-4. Structures associated with the main Laramide Orogeny extend
across the states of Wyoming, Colorado, and New Mexico. Map acquired from:
http://www.geology.wisc.edu/~g109/Additional/paleogeography.htm
The stratigraphic section at Teapot Dome begins with surface exposures of the Upper
Cretaceous Mesa Verde and extends downward through the Paleozoic section into the
Precambrian granites that form the basement in the region. Major producing intervals in the
field consist of the Shannon sandstone, Wall Creek 1, 2, and 3 sandstones, Niobrara shale,
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and Tensleep A and B sandstones (Figure 2-1B). The Tensleep sandstone has a porosity of
approximately 8% and is comprised of eolian dunes. Compartmentalization produced by
cross-bedding limits matrix permeability and contributes to the tight nature of this reservoir.
Thus, understanding fracture permeability associated with the fracture networks is key to
characterizing the Tensleep reservoir.
2.5 Prior Fracture Studies at Teapot Dome
Cooper (2000) conducted a detailed study of fracture orientations in surface
exposures of the Parkman Sandstone of the Mesa Verde Formation. Cooper developed an
idealized model of the surface fracture systems associated with the dome. His model is
characterized by three dominant fracture sets: hinge-parallel, hinge-perpendicular, and hingeoblique (see Figure 2-5). Bryan Schwartz (2006) conducted a detailed analysis of the open
fracture network observed in FMI logs from five wells distributed along the axis of Teapot
Dome. One of his research objectives was to determine if the fracture orientations in the
Tensleep could be predicted by fracture orientations seen at the surface by Cooper (2000).
Based on the 3D seismic data from the area, Schwartz (2006) subdivided the axial
hinge of the dome into five linear segments of constant trend. Rose diagrams of FMI log
observations prepared by Schwartz (Figure 2-6) illustrate fracture orientations relative to the
local fold hinge inferred from the seismic data. The rose diagrams reveal that fracture
systems in the Tensleep are dominated by the hinge oblique set (~60 to 75 west of north).
The hinge-parallel and hinge-perpendicular sets observed at the surface by Cooper (2000)
were seldom encountered in the borehole. Schwartz also notes that Cooper’s work focused on
fractures observed in outcrops along the perimeter of the dome, whereas the FMI wells
sample the Tensleep primarily along its hinge. This, along with sampling along the vertical
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well bore, likely contributes to difference between surface and FMI log observations.
Another possible explanation for these observed differences is that hinge-oblique fractures
might possess lesser dip resulting in greater probability of borehole interception.
A

Type I fractures

B

Type II fractures

C

Figure 2-5. A and B) Three-dimensional conceptual model of systematic fracture patterns in
a sedimentary section of a Laramide-age thrust sheet (modified, Stearns and Friedman,
1972). σ1 is the maximum principle stress, σ3 is the minimum principal stress.
C) Three-dimensional conceptual model of fracture patterns at Teapot Dome based in part on
surface fractures observed in the Mesa Verde outcrop (modified, Cooper, 2000). The hinge
oblique set is not shown.
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B

A

Tensleep

Key:
Fa: Fold Axis
Hpl: hinge-parallel

Hoa: hinge-oblique
Hob: hinge-oblique
Hpd: hinge-perpendicular

Figure 2-6. Fracture orientations at Teapot Dome. A) Idealized rose diagrams depicting
surface fracture sets mapped by Cooper (2000) are rotated to account for orientation of the
fold hinge at individual well locations (modified from Schwartz, 2006). B) Rose diagrams
from fractures observed in FMI logs for the Tensleep (modified from Schwartz, 2006).
Tensleep fracture observations include those from the oil producing Sandstone A and
Sandstone B, and intervening layer Dolomite B.
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Schwartz generated stochastic fracture models using the FRACGEN code developed
by McKoy (1996). FRACGEN generates fracture networks based on borehole derived
fracture parameters including aperture, length, density, fracture strike, and fracture
intersection density. FRACGEN assumes all fractures are oriented normal to bedding and
that all fractures within a layer extend through the entire layer. McKoy (1996) used
FRACGEN output as input to the NETL flow simulator NFFLOW to undertake history
matching simulation of production from the Mesa Verde at the MWX site in Colorado. The
production problems associated with the MWX site are similar to those at Teapot Dome: the
reservoir is tight and production is controlled by reservoir fracture networks.
An example FRACGEN model produced by Schwartz (2006) (Figure 2-7A) is
compared to a model developed using Schlumberger’s Petrel software (Figure 2-7B) and
similar input parameters. Fracture density had to be treated differently because Petrel didn’t
have a fracture number/length option. Furthermore, Petrel permitted the fracture dip to vary
whereas the fractures in FRACGEN are bed-normal. FRACGEN, on the other hand, provides
some control over fracture clustering and fracture connectivity. The resulting fracture
patterns appear similar. Petrel uses the Golder Associates FracMan software to generate
fracture networks for input to the ECLIPSE flow simulator software.
Statistical parameters used to define the Tensleep fracture network developed by
Schwartz (see Appendix A) was also used to generate preliminary fracture network models in
Petrel similar to that seen later in Figure 2-17.
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Figure 2-7. Fracture models for Tensleep Sandstone B based on well 67-1-X-10. A) Fracture
model generated by FRACGEN. Area is 50x50 ft. This model depicts four sets of fractures
(modified, Schwartz, 2006). B) Fracture model generated by Petrel. The model has four
fracture sets denoted by four different colors.
Since oil production from the Tensleep is confined to sandstones A and B, separate
fracture models were developed for the two producing sands and also for the intervening
Dolomite B. Each zone included three or four fracture sets. Each set is based on mean strike
and mean fracture length. The mean fracture length used in the models is inferred from bed
thickness (see section 2.8). The mean fracture dip is also included for each zone and is based
on the FMI observations. Fracture aperture is also incorporated into the fracture models.
Lastly, fracture density is up-scaled using a 3D seismic attribute that detects faults and zones
of increased fracture intensity. In Petrel, up-scaling refers to populating a reservoir scale grid
with properties such as porosity or permeability. It can also mean creating a new, coarser
(lower resolution) grid based on a finer grid.
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2.6 Data
Data evaluated in this project include borehole geophysical logs, 3D seismic data,
production history data and core for the Tensleep Formation. FMI logs from five wells along
the axis of the dome (see Figure 2-2A) were interpreted by Randy Koepsell (Schlumberger).
Koepsell compiled several data sets from the FMI logs including the orientations of open,
healed, and induced fractures, as well as providing estimates of effective hydraulic fracture
aperture (Koepsell, 2001, 2001, and 2004).
The FMI tool images a borehole’s wall based on very sensitive resistivity
measurements of alternating current flow through the formation between upper and lower
electrodes. Variations in the current produced by changes in the rock’s resistivity are digitally
recorded and stored. Color-mapped measurements show sedimentary features and other
details (Schlumberger, 2002).
Core samples, FMI images, and geophysical log observations have one major
limitation: they provide structural and stratigraphic information that is limited to the
immediate vicinity of the well bore. Seismic data, on the other hand, provides information
about the acoustic properties of a much larger volume of strata. The survey’s reference datum
is 5500 ft above sea level and consists of 345 W-E “inlines” and 188 N-S “crosslines”. Inline
and crossline spacing is 110 feet. 3000 ms of data were recorded, however, most of the
sedimentary structures appear in the upper 1500 ms and seismic displays are cropped to a
maximum two way time of 1500 ms (e.g. see Figure 2-3).
Seismic interpretation of the data set included routine fault and horizon interpretation.
Additional analysis was undertaken to help enhance and extend the FMI log based
interpretations. Curvature analysis was used to help define variations of fracture density
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within areas of the dome where Tensleep production occurs. Curvature attributes provide
continuous measures of horizon curvature (Figure 2-8). CurvZ, developed by Hart and Sagan
(2005) was used to derive curvature attributes. Areas of increased curvature are generally
correlated with areas of increased fracture density (Chopra and Marfurt, 2005).

Ks : strike curvature
Kd : dip curvature
Kc: contour curvature
Kmin: minimum curvature orientation
Kmax: maximum curvature orientation

Figure 2-8. The shaded area is a non-planar surface. Curvature attributes measure how a
surface curves or deviates away from a plane. There are a handful of different curvature
attributes depending on how it is measured (Hart and Sagan, 2005).
Zones of high fracture density are often associated with folds and faults (Hart et al., 2002).
Hart (2002) used horizon and curvature attributes to identify possible fracture-swarms.
Fracture-swarms inferred from curvature analysis may represent zones of high fracture
density (e.g. Figure 2-9). Curvature analysis helps define areas of variable fracture density.
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Figure 2-9. Map view and cross-section of a fracture-swarm. The fracture swarm produced
by flexure or faulting may be associated with the trend of more pervasive regional fractures
(Hart, Pearson, and Rawling, 2002).
Tensleep hydrocarbon production at Teapot Dome is believed to be largely controlled
by fracture permeability (Cooper, 2001). Evidence for this is rapid decay in oil production
followed by abundant water production with very little drop in reservoir pressure. The work
of Hatzignatiou and McKoy (2000) incorporates discrete fracture networks into the flow
simulation to estimate well recovery factors in single-phase naturally fractured gas reservoir.
In their study they used the fracture network generator FRACGEN (McKoy and Sams, 1997)
to develop fracture networks for flow simulations using NFFLOW (McKoy and Sams, 1997).
Data obtained from well logs characterize large scale features in a relatively small
volume of rock. These large scale features have to be integrated with lower resolution
seismic data across a large volume of reservoir. Discrete fracture networks developed in this
study incorporate seismic and borehole scale measurements in the model development
process. The importance and challenges of extending borehole scale observation to reservoir
scale are discussed by Gilbert et al (2004).
In a following study, flow simulations (see Chapter 4) are used to assess the validity
of the Tensleep fracture model against production history. Eighteen Tensleep wells with
production data are available from the field. Total production from individual wells varies
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dramatically from several barrels of oil to tens of thousands of barrels (see Appendix G for
production data). Average Tensleep initial reservoir pressure is approximately 2350 psi
which corresponds to the expected hydrostatic pressure for reservoir depths of approximately
5350 feet.
2.7 Analysis
Characteristics of the Fracture Network
Petrel well log interpretation tools were used to pick well tops for each Tensleep
zone. Petrel also generates rose diagrams of fractures observed in FMI logs for each zone,
see Appendix B.
Reevaluation of open fracture orientations originally conducted by Schwartz (2006)
suggested that minor revision of his interpretation was needed (Figure 2-10). These
differences are generally related to the omission of some fractures that were later judged to
be open, and to differences in the interpreted thickness of individual Tensleep zones. In this
study fracture orientations were also computed relative to structural bedding surfaces rather
than to the plane normal to the borehole. Bed dips based on depth converted seismic
interpretations were used. In some Tensleep intervals bedding observed in the FMI logs was
as much as 30 degrees. However, these steeply dipping layers are most likely associated with
cross bedding sand dune features (Figure 2-11). The bed rotated fracture orientations are
shown in Figure 2-10C. For individual beds (Sandstone A, Dolomite B, and Sandstone B)
fracture orientations relative to bedding surfaces have been plotted in Appendix C. Subtle
differences are seen in some cases, however, with the FMI wells positioned along the hinge
line, bed dips are generally small (1.70º to 7.11º) and so changes in fracture orientation were
insignificant. The bed dip of 7.11º occurred at well 67-1-X-10 with a dip azimuth of 122.34º
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which is nearly parallel to the dominant strike of fractures observed in the well. This
relationship produces insignificant changes in fracture orientation.
B

A

C

Figure 2-10. Fracture orientations observed in the FMI logs for the oil producing Sandstone
A, through Sandstone B, intervals. A) Rose diagrams presented by Schwartz, (2006). B) Rose
diagrams and pole to fracture planes prepared using Petrel. C) Rose diagrams and pole
positions of fractures corrected for bed dip.
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Figure 2-11. Compartmentalization caused by cross-bedding. Tensleep sandstone at Flattop
anticline, Wyoming.
Curvature and Ant Tracking Seismic Attributes
Specialized processing of the 3D seismic data is used to extract information about the
field-scale characteristics of the Tensleep fracture network. As noted above, horizon
curvature was calculated using the program CurvZ. Horizon times were converted to depth
using an average velocity of 10650 ft/s based on known formation depth and average DT
values. Areas of maximum curvature (Figure 2-12) occur along the hinge-line, the southeast
plunging nose of the dome, and along the trend of the S1 fault. The surface curvature
(CurvZ) approach was eventually abandoned; Petrel seismic attribute tools were selected as
the means to highlight areas of possible faulting and fracture-swarms.
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Figure 2-12. The Tensleep horizon undergoes curvature analysis. Output from CurvZ reveals
the region of highest curvature occurs across the culmination on the southeastern end of the
dome. CurvZ program originally at: www.eps.mcgill.ca/%7Ehart/CURVZ_website.htm.
Petrel edge detection tools were used to identify discontinuities in the seismic that
might be associated with faults and fracture zones. Edge detection processing used in this
study incorporated proprietary Schlumberger algorithms. The Petrel manual describes edge
detection as consisting of four activities:
1. Seismic conditioning (structural smoothing).
2. Edge detection (chaos or variance). Chaotic orientations in trace-to-trace coherence within
a local volume can be measured and mapped for specified dip and azimuth directions.
Measure of variance within overlapping local volumes can also be calculated and mapped
through the 3D volume. Variance is a direct measure of dissimilarity between seismic traces
and can produce edges that are more distinct than those normally observed in regular
amplitude data.
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3. Edge enhancement (ant tracking). Ant tracking is another Schlumberger proprietary
algorithm used to detect discontinuities within 3D seismic volumes. It is commonly used to
enhance the edge features seen in the variance or chaos attribute volume.
4. An additional step called property modeling integrates seismic volume attributes and ant
tracking attributes into a final 3D gridded volume.
Some of the discontinuities identified in this process coincide with interpreted faults
in the seismic data. For example, the S1 and S0 faults lie along ant tracks. However, the
tracks associated with these faults continue for considerable distances beyond the visually
interpreted extent of these faults (Figure 2-13). Additional discontinuities unnoticed in the
initial interpretation of the 3D volume may be associated with more intensely fractured zones
(Figure 2-13).
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Figure 2-13. Ant tracking volume observed in Section 10 of Teapot Dome. High ant track
intensity may suggest areas of increased fracture density.
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2.8 Fracture Network Model
The development of a discrete fracture network (DFN) for use in flow simulations is a
multi-step process (Figure 2-14D). Fracture orientations taken from FMI log observations
(Figure 2-14A) were used in developing a fracture network model. Routine 3D seismic
interpretations were used to define the geometry of the reservoir (Figure 2-14B). The results
obtained from ant tracking were used to define variations in fracture density (Figure 2-14C).
The fracture attribute calculator (Figure 2-14D) is used to generate the fracture aperture and
fracture permeability distribution. Properties of the DFN are upscaled into the gridded
reservoir volume (Figure 2-14E). Matrix and fracture properties are assigned in a final step to
produce the initial model for flow simulations. Matrix properties (Figure 2-14F) come from
well core lab reports maintained by Rocky Mountain Oil Testing Center (RMOTC) and are
further described in Chapter 3. Fracture permeability (Figure 2-14E) from the upscaling
process gets incorporated into the final model. Together, these matrix and fracture parameters
are used to define the flow “simulation case” (Figure 2-14G) submitted to ECLIPSE.

Development of the Discrete Fracture Network
Flow within the Tensleep reservoir incorporates a water drive. Bottom hole pressure,
temperature, fluid properties, rock properties, and initial saturation conditions, along with the
discrete fracture network are also needed to produce a thorough description of the physical
properties of the reservoir for flow simulation. The accuracy of the different parameters used
to define the reservoir can be assessed in history matching simulations.
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Workflow for Building a DFN Model
A) Fracture analysis

C)

D) DFN Model
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Figure 2-14 Workflow for building a discrete fracture network suitable for conducting dual
permeability flow simulations with ECLIPSE.
As noted earlier, production from the Tensleep is confined to sandstones A and B.
The geological conceptualization of this reservoir is that it consists of two productive zones
separated by an intervening, relatively impermeable zone. The geometrical properties of
these zones were interpreted from the 3D seismic data and converted to depth; the reservoir
model focuses on the productive Tensleep region (Figure 2-15A). A cross sectional view of
the reservoir (Figure 2-15B) displays the Tensleep Sandstone A, Dolomite B, and Sandstone
B zone framework.
Based on the FMI fracture observations, fracture models for each zone were
generated. FMI well 67-1-X-10 is located 733 feet southeast of the peak producing well 56-
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TPX-10 (Figure 2-16). The well provides a view of the fracture network within the heart of
the producing area. However, in spite of slightly higher bedding dip in the area, the well bore
did not penetrate fractures in the upper Sandstone A zone. Sandstone A fracture properties
observed in adjacent FMI wells were used as a proxy.
The extent of fractures in the bed-normal or near bed-normal directions, were
assumed to be equal to the bed thickness. Fracture dimensions estimated by Schwartz (2006)
using the method proposed by Özkaya (2003) had average fracture height-to-length ratios (or
aspect ratios) that ranged from 5/1 to 10/1 which produces tall fractures with a relatively
short length. A fracture aspect ratio of 0.35 was proposed by Gilbertson (2006) based on
analysis of Tensleep fracture sets observed in outcrops across the Alcova Lake anticline
located 56 miles SW of Teapot Dome. Although unloading and weathering of exposed
fractures may have increased the aspect ratio, 0.35 is adopted as an initial starting parameter.
Using bed thickness approximations from Schwartz (2006), Sandstone A ≈ 23 ft, Dolomite B
≈ 28 ft, and Sandstone B, ≈ 59 ft, produced fracture lengths of 66, 80, and 169 feet
respectively. These values were entered into the model. Fracture density has the ratio of
fracture area/ volume. Fracture area is bed thickness (t) times fracture length (L). Volume is
(t*L*s) where s is the spacing between near-parallel fractures. Thus fracture area/ volume =

(t ⋅ L) / (t ⋅ L ⋅ s) = 1/s. In general, whether fracture density is defined in terms of number of
intersections per length, length /area, or area/volume, high intensity corresponds to relatively
small spacing and vice-versa.
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Figure 2-15. A) Productive Tensleep wells penetrate the 3D Tensleep reservoir model, which
is limited here to the structural high and adjacent down-dip region. B) Cross-section x-x’
shows the Tensleep Formation intervals: Sandstone A, Dolomite B, Sandstone B, and the
non-producing, underlying Dolomite C.

31

Petrel incorporates Golder Associates FracMan code to generate fracturenetworks.
Fracture parameters used to define the distribution of fractures in each zone are tabulated
below (Figure 2-16). This initial approach defines fractures length of individual fracture sets
by their mean length. Subsequently, the fracture length distribution was modified to follow a
power law distribution, see Appendix D: Creating Discrete Fracture Networks.
Fracture parameters derived from log analysis are combined with the output from the
ant track process to populate the reservoir with fractures. The ant track process is used to
vary fracture density throughout the reservoir. Areas of high ant track intensity are generally
associated with areas of decreased trace-to-trace coherence. Decreased coherence in the
seismic response is assumed to be associated with disrupted rock layers and, potentially with
areas of increased fracture density. Each reservoir cell (Figure 2-17A) receives an intensity
value. Fracture density then is controlled locally by each cell’s ant track intensity value. For
further details see Appendix E: Using Seismic Attributes as a Property to drive Fracture
Distribution. Generating fractures for all these cells (Figure 2-17B) results in fracture
networks for the entire reservoir. Fracture density and fracture network maps for each
Tensleep zone (Figure 2-18) illustrate the difference between low and high fracture density
areas. Each grid cell is approximately 100 ft x 100 ft in size. Ant track intensity varies from 0
to 1. Ant track intensity is translated directly into fracture density. So for ant track intensity
value of 1, the fracture density is 1/spacing = 1/1ft, corresponding to a fracture spacing of 1
foot. This represents the maximum fracture density. An ant tracking intensity approaching
zero, on the other hand, corresponds to a very large fracture spacing (or minimum fracture
density).
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Figure 2-16. Fracture observations, input fracture parameters, and resultant model fracture
network based on well 67-1-X-10. Fracture model area is approximately 1000 ft x 1000 ft
and is viewed from above the reservoir. Fracture model region is adjacent to peak producing
well 56-TPX-10.

33

The seismic curvature attribute for the Tensleep horizon was not used to control
variations of fracture density in this study. Using curvature and ant tracking simultaneously
would certainly add to the model’s complexity. While the Petrel software is designed
specifically to use built-in attributes to control fracture density, there was no easy way to
incorporate curvature as a control. Ant tracking is directly integrated into the Petrel workflow
and can also be adjusted during history matching exercises conducted using ECLIPSE.
The relationship of ant track intensity to production is evaluated in Figure 2-19.
Direct comparison of production to ant track intensity reveals that high producing areas are
usually tied to areas of high ant track (and thus fracture) intensity. The intensity scale (and
thus fracture density) can be rescaled based on the results of history matching efforts. A
baseline model begins with a fracture density envelop ranging from 0 to 1 and is considered
an arbitrary starting point. This range can be rescaled as necessary to increase or decrease
overall reservoir fracture density while preserving the fracture density contrast between low
and highly fracture areas.
Specific details on computing fracture aperture and fracture permeability are
discussed in Chapter 3 and in Appendix F: Fracture Attribute Calculations. Future history
matching efforts will determine whether the ant track mapping of fracture intensities is a
viable method in reservoir characterization.
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Figure 2-17. 3D view of Tensleep reservoir model. A) Gridded model of ant tracking
intensity. Individual cells are 100 x 100 ft. B) Fracture model for Tensleep Sandstone A,
Dolomite B, and Sandstone B. Section 10 is 1 square mile.
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Figure 2-18. Map view of productive region of Section 10 with high productivity wells
indicated. Ant tracking is upscaled as an intensity property on the left which is used to scale
fracture density. Grid cells are 100x100 feet. Corresponding fracture distributions for each
zone are shown on the right. Yellow circles indicate key oil producing Tensleep wells.
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Figure 2-19. Productive region of Section 10 south of the S1 fault. High productivity
Tensleep wells with five year cumulative oil production greater than 100000 Bbls are
indicated by white circles. A) Five year cumulative oil production contour map for the
Tensleep reservoir. B) Initial fracture density map based on ant tracking intensity grid for the
Tensleep Sandstone B zone. Reservoir model grid cells are 100 x 100 feet. C) Fracture
density contour map for Sandstone B based on reservoir grid cells. D) Fracture network
model for Sandstone B. Fracture density is grid cell dependent and controlled by the fracture
density map (B). Fracture network density shown here is relaxed by a factor of ten from the
actual model to permit viewing of the fracture sets.
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2.9 Discussion and Conclusion
Production from tight, naturally fractured, reservoirs is controlled by the
characteristics of the reservoir fracture network. The ability to predict and understand longterm performance and production history of wells completed in naturally fractured reservoirs
will depend on how well the properties of the fracture network are understood and how
accurately they can be represented in a flow simulation. These challenges were addressed in
detail by McKoy and Sams (1997) and Hatzignatiou and McKoy (2000). Their studies
incorporated a stochastic fracture generation algorithm (FRACGEN) that was designed to
generate models of natural fracture systems (McKoy, 1996) using statistical properties of
fractures inferred from borehole and outcrop observations. Variables used to guide fracture
generation included mean and standard deviation of fracture orientation, length, spacing, and
aperture distributions (see Appendix F). The tendency of fracture sets to form clusters and
their interconnectedness were also controlled. Their work was conducted in a single phase
gas, naturally fractured reservoir in the Mesa Verde sands in the Piceance Basin of Colorado
(Hatzignatiou and McKoy, 2000). Fracture network properties used to develop the reservoir
model were based on field observations reported by McKoy (1996). The fracture networks
were calibrated in a history matching exercise of well test pressure data over an 11 day
period. Flow simulations conducted using NFFLOW (McKoy and Sams, 1997) were used to
evaluate the influence of fracture connectivity and aperture on recovery factors.
An alternative approach developed by Schlumberger incorporates fracture modeling
tools (FracMan) developed by Golder Associates into their 2007 release of Petrel. Stochastic
fracture models developed in Petrel/ FracMan can then be incorporated in Schlumberger’s
ECLIPSE flow simulator. The simulations needed to examine Tensleep production at Teapot
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Dome are more complex than those conducted in the Piceance Basin. The Tensleep reservoir
consists of tight naturally fractured sand, however, pressure within the reservoir is
maintained by a water drive and both water and oil are produced. The NFFLOW code is
presently unable to model production from the Tensleep because there is no provision for a
water drive.
The focus of the present study is to illustrate the procedures used to develop fracture
models in Petrel and to extend them into the areas surrounding well and FMI log control
using seismic data. Fracture systems at Teapot Dome were extensively examined in two
earlier investigations of the area. Cooper (2000) presented a detailed study of fractures
exposed in the Parkman Sandstone of the Mesa Verde Group. Based on field observations,
Cooper (2000) proposed a generalized model of the surface fracture systems consisting of
hinge-parallel and hinge-perpendicular sets that accommodate extension associated with
folding and a hinge-oblique set that may accommodate some shear displacement. The
relative proportions of outcrop fractures among 1413 observations were, 1.83: 1.33: 1 for
hinge-parallel, hinge-perpendicular, hinge-oblique respectively (Cooper, 2002).
Schwartz (2006) conducted a study of fracture systems in the Tensleep Formation
using FMI logs collected in five wells located roughly along the hinge of the dome.
Schwartz’s model revealed a preponderance of hinge oblique fractures, along with some
hinge-parallel and hinge-perpendicular. The relative proportions were 0.30: 0.21: 1.00 for
hinge-parallel, hinge-perpendicular, hinge-oblique respectively (Schwartz, 2006). The
relative proportion depends on where the fractures are sampled. Sampling along the hinge
will produce different values than on the flanks. At depth the values may be different too.
Based on this observation, there is very little support to use surface-based fracture
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orientations in the Mesa Verde as a model of Tensleep fracture orientations in the reservoir at
Teapot Dome.
These studies provided comprehensive background and framework for developing
starting models of the Tensleep fracture networks. In addition, FMI log observations were reevaluated resulting in subtle modification of earlier descriptions provided by Schwartz
(2006). However these differences tend to be unimportant given the variability permitted
during generation of the fracture model in Petrel.
The fracture network model developed in this study is focused on the producing area
of the field in Section 10. Oil production is localized in a fault bounded structural high
located on the southern end of the dome.
The properties of the fracture networks characterizing the producing sands along with
those of the intervening Dolomite B were modified from the results of Schwartz (2006).
Instead of using a mean length and standard deviation, a power law distribution was used to
characterize fracture length. Furthermore, an ant tracking attribute based on the Teapot Dome
3D seismic dataset was employed to control fracture density (with a density range from 0 to
1). This approach was employed as opposed to using density estimated from limited borehole
intersections with fractures in vertical wells, which likely underestimates fracture density.
Based on 5 FMI wells in the Tensleep, Schwartz (2006) determined that mean fracture
density from borehole intersections was 0.15 with a standard deviation of 0.07. The ant
tracking method for detecting fractured areas remains to me validated and is intended as
providing an initial test of the idea in future flow simulations.
An initial reservoir model was developed using 200x200 foot grid cells in which
relative fracture density (fracture area/volume) varied from 0 through 0.09. This intensity

40

range shows relative density, while allowing the fracture orientations and distributions to be
seen without over populating the model for the purpose of display. The model was
subsequently altered to consist of 100x100 foot grid cells with fracture density (fracture
area/volume) varying from 0 through 1. This relative fracture density range will be used as an
initial starting point for total oil production simulations within this fractured reservoir, see
Chapter 4. The ant tracking intensity can be rescaled to accommodate higher fracture density
range. The S1 and S0 faults appear to lie along some of the trends in the fracture density
contour map (Figure 2-19C) that is based on the ant tracking attribute.
Oil production appears to be associated with regions in which the relative fracture
density is greater than 0.02 (Figure 2-19). However, exceptions do exist; for example, well
46-TpX-10 is in the highest fractured area and produced very little oil. The well produced
92745 barrels of water and 174 barrels of oil, so its water production may have been the
reason to close the well after 3 months of operation.
The initial fracture network consists of individual fracture sets for each layer as
described in Figure 2-16. However, this was subsequently enhanced by producing fracture
sets where fracture lengths are based on a power law, and the fracture density is ultimately
based on ant tracking intensity, Figures 2-17 and 2-18.
The Petrel fracture model development tools provide the user with considerable
flexibility to vary the model fracture properties to improve the match between simulated and
observed production history.
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Chapter 3.
Developing a Model of a Fractured Reservoir for Flow Simulations Using
Petrel 2007.1
Abstract:
Characterization of fractured reservoirs in areas surrounding core wells and FMI
logged boreholes represents a significant challenge. New software tools were used to
integrate borehole fracture-detection logs with 3D seismic attributes to estimate fracture
density and distribution in the fracture networks controlling production in the tight, naturally
fractured Tensleep reservoir at Teapot Dome. The Petrel 3D seismic data analysis process
referred to as “ant tracking” is used to identify zones of subtle discontinuities in reflection
amplitude that may be associated with intensely fractured regions of the reservoir. FMI logs
provide information on local scale properties of the reservoir fracture network in the
Pennsylvanian Tensleep Formation at Teapot Dome, Wyoming. A set of 5 FMI logs are
available from vertical wells in the field. Limited core observations are also available in this
study. The combination of borehole and seismic scale observations are used to derive a field
scale reservoir model for use in future flow simulations.
Production history from 18 Tensleep wells indicate that the oil production is
distributed along a fault bounded structural culmination in the southern portion of the field. A
reservoir model for this area was created and consists of both matrix and fracture properties.
A black oil model was developed consisting of water and oil where the gas component is
insignificant. The model also incorporates reservoir characteristics like pressure, temperature,
and relative permeability. Furthermore, fracture network properties including fracture
permeability and fracture-matrix coupling are upscaled into the 3D gridded model. The
model also includes an aquifer at the base of the oil producing zone that provides a water
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drive responsible for maintaining pressure within the reservoir. The model has been
appropriately defined to run with the Schlumberger ECLIPSE 100 flow simulator.
3.1 Introduction
Increased oil prices make renewed production from abandoned wells profitable.
Production and profitability can also be enhanced through CO2 flooding. When dissolved
into oil, CO2 decreases oil viscosity and helps mobilize bound oil. However within a
fractured reservoir such as the Tensleep sandstone at Teapot Dome, Wyoming, CO2 flooding
may have limited effectiveness since flow and rapid breakthrough often occur through high
permeability fractures (Chakravarthy et al., 2005). Thus successful EOR and sequestration in
tight fractured reservoirs will require a good understanding of the reservoir fracture network
and its role in production history. Successful production of matrix bound oil and eventual
CO2 sequestration would involve schemes that divert CO2 from highly permeable fracture
systems into less permeable areas of the reservoir.
Natural fracture systems are complex. Accurate description of a fracture network
requires identification of individual fracture sets, their relative intensity, length, aperture
distribution, and interconnectedness. These parameters can be difficult to accurately estimate
from limited borehole observations. Research and field development activities conducted by
the Rocky Mountain Oil Testing Center (RMOTC) at Teapot Dome have resulted in
acquisition of considerable public domain data that includes FMI logs, 3D seismic, sonic,
pressure, and Tensleep Formation production data. Detailed data gathered through core
samples and FMI logs have been used to develop stochastic fracture models of the fracture
network in the vicinity of the wells. Together, these data sets provide limited or indirect
measures of the nature of the fracture network. Schwartz (2006) used FMI logs to develop
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Tensleep fracture models using the fracture network simulator FRACGEN. FRACGEN
generates possible 2D and 3D (layered) fracture distributions based on a combination of log
and outcrop observations. Revision and further development of these models are presented in
Chapter 2 of this study. The present study also employs Petrel’s fracture modeling tools
(using FracMan by Golder Associates) and seismic attribute analysis (see Chapter 2) to
develop the reservoir fracture model.
The initial development of the model fracture network begins with an evaluation of
fracture properties from FMI logs. The properties of fracture networks derived from these
vertical wells located along the hinge of the dome are biased toward inclined fractures in the
network. The localized and biased fracture characteristics based on the FMI log
interpretations are extended into the surrounding area through processing of 3D seismic data
to detect edges or discontinuities in the amplitude response. Specifically, a process referred
to as ant tracking is used. Ant tracking provides a measure of variance in local reflection
amplitude from the Tensleep reservoir. These discontinuities are assumed, as a starting
hypothesis, to be associated with zones of increased fracture and/or fault intensity. Variations
of fracture density inferred from the results of ant tracking have been incorporated into the
initial reservoir fracture model. Chapter 2 details the reservoir fracture network, e.g. see
Figures 2-17 to 2-19.
3.2 Previous Tensleep Flow Simulations
Garcia (2005) concluded that a dual porosity model with variable fracture
permeability provides a good reproduction of oil and water production rates from the highly
fractured Tensleep Formation at Teapot Dome. Garcia (2005) also evaluated two single
porosity cases to explain cumulative water production through history matching. Both cases
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failed to produce significant water in contrast to the observed historical production rates. The
permeability in the single porosity model (rock matrix without fractures) could not explain
the observed water production data. Thus it was necessary to explore dual permeability cases
where fracture permeability could be introduced into the model. The fracture networks
enabled substantial water production over the single porosity models. Refinements to the
fracture permeabilities made significant improvements in the history matching results. In
contrast to this study, Garcia uses 10 foot square matrix blocks and incorporates fractures
between adjacent blocks. Thus, fracture spacing is at a fixed 10 foot interval in Garcia’s
model.
3.3 Production Data
Production data for eighteen Tensleep wells is evaluated in this study. Peak
production occurs in a structural culmination (hanging wall) just south of the S1 thrust fault
(see Figure 3-1A). Figure 3-1B shows the locations of the producing Tensleep wells around
Section 10 and a contour plot of five-year cumulative production. The distribution of fiveyear cumulative production suggests the presence of three relatively high producing zones
within the reservoir. Figure 3-1B shows that production is localized along the north-south
trending culmination and is bounded by the S1 thrust fault to the northwest.
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Figure 3-1. A) Tensleep horizon interpreted from 3D seismic with the location of the five
FMI wells. B) Contour-plot of five-year cumulative production data for the eighteen wells
that penetrate the Tensleep within Section 10.
Production for these Tensleep wells varies significantly (Figure 3-2). For example,
well 44-1-TPX10 in Figure 3-2A sustained monthly production rates of more than 3000
barrels of oil during the first two years of production, but declined rapidly during the 3rd year
to roughly 1000 barrels of oil per month. Alternately, well 62TPX10 (Figure 3-2B) reached
over 10000 barrels per month during its 2nd month of production, but during the subsequent
10 months, production diminished to around 3000 Bbls oil/month. Oil production is a
relatively small component of total fluid production. Combined oil and water production isn’t
constant through time, but follows a trend similar to that of the produced water. There does
not appear to be an inverse linear relationship between increased water production and
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decreased oil production. Also, wells such as 44-1-TPX10 and 62TPX10 that were shut in
around 1997 (Figure 3-2) resulted in insignificant oil production once production was
resumed. This is a common theme seen in the other Tensleep wells. Water production, on the
other hand, often rises back to pre-shut-in conditions.
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Figure 3-2. Oil and water production as a function of time from the Tensleep observed in two
wells from the field: A) the 44-1-TPX10 well and B) the 62TPX10 well.
The productivity of eighteen Tensleep wells is evaluated in terms of their cumulative
production over 1, 2, 3, 5, and 7-year intervals. Figure 3-3A ranks the eighteen wells by their
cumulative oil production while capping production to 7 years. Note that some of the wells
were on line less than seven years: e.g. 521TPX10, 51TPX10, 46TPX10, and 53TPX10, and
671TPX10. It is apparent that some wells perform better than others, in some cases by
several orders of magnitude. Furthermore, some of the wells continue to perform ten years
after their start; others became inactive after their first year. Oil production is accompanied
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by significant water production (Figure 3-3B) which also increases substantially over time.
These production histories will be used in future simulations as a benchmark in assessing
how representative the model reservoir fracture network is of the actual.
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Figure 3-3. Tensleep oil and water production totals for eighteen wells. One, two, three, five,
and seven-year totals are shown, however not all wells were productive for 7 years. Well
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Water production generally exceeds oil production by a factor of 100:1 after the
initial 3 to 6 years of production (Figures 3-2 and 3-3). The only oil producing well with FMI
data is the 671TPX10 well. There was no production data available for the other FMI wells
(48-X-28, 71-1-X-4, 61-2-X-15, and 25-1-X-14). The FMI well locations are shown in
Figure 3-1A.
The Tensleep monthly production dataset spans the years from 1959 to 2004. Of the
eighteen wells, only 74TPX10 has production data going back to 1959. The remaining wells
start production in 1978 and later. A total of 18 graphs were made of oil and water
production versus time corresponding to these 18 oil wells in Section 10. These graphs are
presented in Appendix G. The cumulative oil production for individual wells (Figure 3-4A)
shows abundant oil production during the 1980’s. The five year cumulative production for
the 1980’s wells (N=7) was 799,246 barrels of oil. Wells that came online in the mid-1990s
(N=9) did not perform as well; their five year cumulative production was only 269,757
barrels of oil, or about 34 % of that produced during the early 1980’s. Water production, on
the other hand, increased from 9.17 million STB to 33.12 million STB for these wells. See
Appendix G, Figure G-1 for more details. The relatively constant water drive and constant
reservoir pressure are generally achieved within the first two years of production. Note that
early wells in the field have a much larger oil cut and produced a larger fraction of the mobile
oil (Figure 3-4B). Wells brought online later in the development of the field immediately
produce 80% to 90% water. This relationship suggests that the fracture network provides
extensive interconnection throughout the reservoir and that matrix-bound oil has minimal
mobility in contrast to the water saturated fracture network within the Tensleep. As of year

53

2000, all the Tensleep wells appear to produce less than 2% oil by volume (Figure 3-4B).
More recently, the wells’ oil production has dropped to 1% or less.
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Figure 3-4. Tensleep oil production. A) Cumulative oil production for Tensleep wells. B)
Monthly oil production expressed as a percentage of total fluid production for each Tensleep
well in Section 10. Early wells perform better than later wells. The mid-90’s wells produce
less than 18% oil from their start. Well 74TPX10 (drilled in 1959) is not shown due to
missing water production data.
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Cumulative oil and water production for each well’s first year of production (Figure
3-5A and B respectively) reveals an area of short term high production in the northern end of
the culmination. Five year oil and water cumulative production (Figure 3-5C and D
respectively) reveals a more extensive production trend. Wells 62TPX10, 63TPX10 and
73TPX10 produce oil at a rate of approximately 10000Bbls/month during their first couple of
months of operation; however this rate drops to 50% within six months and continues to drop
thereafter. The quick start of these three wells is later surpassed by oil production within 2 to
three years from 441TPX10, 54TPX10, and 56TPX10. Some variation in well performance
can be caused by a number of reasons, including workovers, frac jobs, the timing of well
installation, and placement of a well within the oil pool. Fractures in a reservoir can work to
a well’s advantage or disadvantage. Early in a field’s development a well intercepting
fractures within the oil pool can have abundant oil production. In a fractured reservoir,
subsequent field development may result in wells that are not so fortunate. This is especially
true in this case where a water drive is present.
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Figure 3-5. Map view of Section 10 showing contour plots of oil and water production. A)
and B) represent first year cumulative production. C) and D) represents 5 years of cumulative
production.

56

3.4 Reservoir Data
Some perspectives on the characteristics of the Tensleep Sandstone reservoir at
Teapot Dome are gained from inspection of Tensleep outcrop exposed southwest of the
Teapot Dome field. Observations of the Tensleep Sandstone outcropping at Alcova Lake and
at Flattop Anticline reveal that this formation may be highly compartmentalized due to the
cross-bedding of these eolian sandstones. A number of healed fractures were also observed
that may act as flow barriers. Stratigraphic heterogeneity, alone, reveals that matrix
permeability will be highly variable over short distances. The natural fracture network, on the
other hand, provides a series of interconnected conduits that serve as the primary control on
production from these reservoirs. The Tensleep matrix permeability (Figure 3-6) tends to be
1 milliDarcy or less for 65 % of the observations spanning a 164 foot section of core for well
54-TpX-10; the geometric mean being 0.32 milliDarcy. The fracture network likely accounts
for the higher permeability observations that range from 10 to 320 mD. With the
permeability of these networks being at least two orders of magnitude greater than the rock
matrix, it is apparent that production will be largely controlled by flow through the fracture
networks. Furthermore, oil bound in the Tensleep rock matrix is difficult to extract since
reservoir pressure is maintained by a water drive originating in the deeper Madison
Limestone. The water drive helps maintain a reservoir pressure around 2350 psi (Friedmann
and Stamp, 2005). The majority of oil produced from the Tensleep occurs in the first three to
seven years. The period of oil production is followed by production of water with less than
1% oil. The need to understand the fracture network becomes important in the design of EOR
to extract oil from the matrix during secondary and tertiary production efforts. The residual
oil saturation based on two Tensleep wells is between 28.7% and 56.3% (Garcia, 2005).
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Permeability Histogram

Figure 3-6. Tensleep matrix permeability based on well 54-TpX-10. Graph from: Core
Analysis Report for 54-TpX-10, Fenix and Scisson, Inc, Mar. 28, 1981.
Matrix Relative Permeability
Relative permeability is an important petrophysical parameter that includes rock
wetting characteristics, heterogeneity of reservoir fluids, and rock and fluid saturations
(Garcia, 2005). The presence of two immiscible fluids (oil and water) within a formation
causes an interference of their ability to flow, effectively reducing their permeabilities.
Relative permeability laboratory tests were performed on rock samples from well 62-TPX-10
and 43-TPX-10. The tests were performed using a simulated reservoir brine (based on
analysis of well 55-TPX -10) and a refined mineral oil with a viscosity of approximately 25
centipoise. The relative permeability curves based on well 43-TpX-10 (Figure 3-7) reveal a
minimum water saturation (Swmin) of 11%. Equations for these parameters were not
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presented in the laboratory test reports. These values are used to define initial simulator
starting conditions.

Relative Permeability Curves
1

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Oil Saturation (So)

Relative Permeability

0.8

Kro
Krw
0.6

0.4

0.2

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Water Saturation (Sw)

Figure 3-7. Relative permeability curves for water and oil as a function of water saturation
based on Tensleep core sample from well 43-TpX-10. Data from Lawrence-Allison and
Associates West, Inc., Nov. 11, 1987.
Fluid Properties
The Tensleep reservoir oil is sulfurous saturated, black oil with a stock tank gravity of
32°API (Friedmann and Stamp, 2005). Laboratory tests based on well 54-TPX-10 report an
initial gas-oil ratio between 2 to 4 SCF/STB (standard cubic feet per stock tank barrel). Given
this low value, gas compositions are not introduced in the reservoir model and no gas-oil
contact is specified. The amount of gas dissolved in the oil is very low and next to impossible
to measure in the field (Garcia, 2005). The Tensleep reservoir has a temperature of 190 °F
with an initial reservoir pressure of 2350 psi. Reservoir pressure remains relatively constant
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during production due to the presence of a water drive (Friedmann and Stamp, 2005). The
oil-water contact is difficult to describe as water-saturated fractures can carry water above
matrix bound oil. An initial contact depth for the model was set at 225 feet sub-sea
corresponding to an approximate measured depth of 5430 feet.
Reservoir fluid analysis from well 54-TPX-10 provides curves for the oil formation
volume factor (Bo) and oil viscosity (μo), Figure 3-8. The oil formation volume factor relates
the reservoir volume of oil (which includes dissolved gas) to a surface volume. By varying
the pressure of a high-pressure laboratory test cell set at the reservoir temperature of 190 °F,
the bubble point for the Tensleep oil sample was determined to be 76 psia.
The Tensleep reservoir is lacking transient pressure tests, however one static pressure
build-up test (Figure 3-9) for well 44-1-TPX-10 indicates that at a bottom hole depth of 5400
feet, the pressure remains relatively constant at approximately 2384.5 psig and temperature
of 202.5 °F. This depth is near the base of the Tensleep reservoir and may explain the slightly
elevated pressure and temperature compared to the values commonly used to describe the
reservoir. The reservoir and fluid input settings for both the single porosity and dual
permeability simulations are discussed in further detail in Appendix H.
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Fluid Model
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Figure 3-8. Oil viscosity and oil formation volume factor as a function of pressure based on
well 54-TPX-10 bottom hole samples. Data from Lawrence-Allison and Associates West,
Inc., Aug 29, 1984.
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Many of the Tensleep reservoir characteristics have been compiled in Table 3-1 and
are based on Rocky Mountain Oil Testing Center (RMOTC) literature and on various lab
reports detailing fluid, rock, and reservoir properties.
Reservoir Characteristics

Values

Formation

dolomitic Tensleep sandstones

Area

~1 square mile at structural high

Ground Elevation

~ 5206 ft

Depth
Oil Gravity

5321 MD to 5398 MD near structural high,
(115 ft sub-sea to 192 ft sub-sea)
Deeper on structural limbs
31.4˚ API

Bubble Point

76 psi at reservoir temp. of 190 ˚ F

Gas/Oil ratio

3 SCF/STB

Water Salinity

3100 ppm

Reservoir Pressure range

2250 – 2350 psi

Reservoir Temperature

190˚ F

Separator Conditions

20 psig at 72 ˚ F

Gas – Oil Contact

Not present

Production mechanism

Water drive from under reservoir (Madison
Limestone)

Water: Oil Production

99:1 (Following optimum oil production)

Average Porosity of Tensleep SS

8%

Average Permeability

80 mD (Includes fracture influence)

Geometrical Mean Permeability

0.32 mD

Original Gas in Place

11.00 x 106 SCF

Original Oil In Place

3.83 x 106 STB

Cumulative Oil Produced

1.85 x 106 STB

Cumulative Water Produced

179.84 x 106 STB

Table 3-1. Tensleep reservoir characteristics at Teapot Dome.
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3.5 Upscaling Fracture Networks
Open fractures increase the permeability in certain directions thereby introducing
permeability anisotropy and heterogeneity. The permeability anisotropy in this low matrix
permeability Tensleep reservoir is explained by the presence of fracture networks. The
highest permeability will be parallel to the open fractures, especially where there is
significant fracture connectivity and fracture density. Interaction between the fracture surface
and the matrix enables some drainage of the rock matrix. This interaction may increase the
recoverable hydrocarbons within the matrix. However, since reservoir pressure is maintained
by the water drive, matrix oil may tend to remain immobile.
Figure 3-10 shows a map view of the productive region of Section 10. Fracture
observations from FMI wells, in particular well 67-1-X-10, are used to describe fracture
characteristics within this producing area (see Chapter 2, section 8). A 3D seismic dataset
was used to guide the density and distribution of these fractures. In particular, low coherence
zones enhanced through the ant tracking process are assumed to represent faults and/or zones
of increased fracture density. This measure of discontinuity is translated directly into a
measure of fracture density (Figure 3-10B). Thus, fracture density (ant tracking intensity)
existing in the spatial domain of the depth converted 3D seismic is mapped cell by cell into
the 3D grid representing the reservoir model. This mapping basically samples the values in
the 3D seismic volume and generates corresponding average values for each 3D grid cell.
This estimate of fracture density is depicted on a 100 foot grid (Figure 3-10B) and also in
contour form (Figure 3-10C). Ant track derived fracture intensities were upscaled into the
reservoir so that each grid cell would have a specific intensity value (Figure 3-10B). These
intensity values (in fracture area/volume) are then used in the fracture network generation
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process. In a sense, the range of values used for the initial density distribution is arbitrary and
is subsequently refined as part of the modeling process. Appendix E (Using Seismic
Attributes as a Property to drive Fracture Distribution) further describes some of these details
in using the ant tracking seismic attribute to drive the fracture density within the reservoir
model.
The fracture networks consist of eleven facture sets distributed between the three
Tensleep zones as previously described (Chapter 2, section 8, and Appendix D). Each
fracture set makes use of the FMI log observations and each one of these sets is displayed in
Appendix D.
Prior to performing flow simulations in a fractured reservoir, there are three key
fracture attributes that have to be computed: fracture length, fracture aperture, and fracture
permeability. These three attributes are all based on fracture surface area which is one of the
readily available fracture attributes generated using Petrel. Fracture length is computed from
fracture area. Next, the fracture apertures are based on a normalized distribution that is inpart scaled by fracture lengths. This relationship can be expressed as: Aperture_distribution =
Fracture_Length*NORMAL[Mean, sdev] where mean and sdev are unit-less and refer to
mean aperture and standard deviation of aperture when respectively scaled by fracture length.
The mean and standard deviation values used in the normal distribution function are
approximately 60 times smaller than the actual mean FMI log interpreted aperture. Lastly,
fracture permeabilities are based on the aperture cubed (i.e. K=a3) which is subsequently
multiplied by a large scaling factor (Witherspoon et al., 1980). Details on this workflow are
thoroughly described in Appendix F. The fracture permeabilities follow a power-law
distribution and were capped at a maximum value of 9999mD.
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Figure 3-10. Productive region of Section 10 south of the S1 fault. High productivity
Tensleep wells with five year cumulative oil production greater than 100000 Bbls are
indicated by white circles. A) Five year cumulative oil production contour map for the
Tensleep reservoir. B) Initial fracture density map based on ant tracking intensity grid for the
Tensleep Sandstone B zone. Reservoir model grid cells are 100 x 100 feet. C) Fracture
density contour map for Sandstone B based on reservoir grid cells. D) Fracture network
model for Sandstone B. Fracture density is grid cell dependent and controlled by the fracture
density map (B). Fracture density shown here is relaxed by a factor of ten from the actual
model to permit viewing of the fracture sets.
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3.6 Reservoir Model
The reservoir model covers ~600 acres and contains 18 vertical Tensleep wells. The
model is bounded on the west by the main basement thrust fault, and also contains the S1 and
S0 faults (e.g. Figure 3-1). The 3D gridded volume is comprised of 54648 cells having areas
of approximately 100 x 100 feet (Figure 3-11A) and thickness of 10 to 15 feet. Individual
cells are near-orthogonal, and their heights can vary to accommodate variations in
stratigraphic thickness.
The grid consists of five zones or layers: a cap rock, Tensleep Sandstone A, Tensleep
Dolomite B, Tensleep Sandstone B, and an underlying aquifer, 3-11B. Each zone is
subdivided into additional layers defined by cell thickness which helps to standardize flow
simulations and also enables adding finer features into the grid. The zones are divided into
layers (Figure 3-11C): Sandstone A is subdivided into three layers, Dolomite B two layers,
and Sandstone B five layers. The insertion of layers basically has the effect of increasing the
number of grid cells for the reservoir model. Increasing the number of layers can increase the
reservoir’s detail; however, an excessive number of cells will slow down flow simulation.
Furthermore, the aim is to prepare a model that has a sufficient number of cells so that the
reservoir can be appropriately described. The upper part of the Tensleep becomes
increasingly shaley and forms the lowermost interval within the cap rock regime. The
Opeche Shale overlies the main oil producing Tensleep Sandstones A and B zones. Tensleep
Dolomite B is an intervening layer between Sandstone A and B. Although considered a
permeability barrier, the FMI logs reveals the presence of numerous open fractures in this
interval (see Figure B-1). These fractures can enable communication between the two
sandstone zones. Additional sandstone and dolomite layers underlying Sandstone B are
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grouped into a single reservoir layer that serves as the reservoir’s base. In the simulations
presented in this study, this basal layer serves as the source of the water drive although the
actual source lies in the Madison Limestone aquifer immediately below the Tensleep. Thus,
to simplify the model, the water infiltrates the base of Tensleep Sandstone B via zone 5
which is simply named the Aquifer. The aquifer zone represents the interval through which
water is pushed into the overlying productive zones to maintain pressure as water and oil are
withdrawn during production. The recharge area for the Madison Limestone lies 90 miles to
the northwest in the Big Horn Range, and the hydraulic head generated by the recharge zone
maintains the Tensleep pressure at Teapot Dome (Milliken, 2007). The Madison Limestone
at Teapot Dome lies at a depth of approximately 6000 feet.
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Figure 3-11. A) Map view of grid for Tensleep reservoir model within Section 10. Tensleep
wells are shown. B) Oblique view of 5-zone 3D gridded reservoir model. The top zone is the
uppermost Tensleep that becomes shaley upwards. The bottom zone represents an aquifer.
Well 56-TPX-10 is the peak oil producing Tensleep well and well 67-1-X-10 is the only FMI
well in Section 10. C) The individual zones are subsequently layered to form smaller grid
cells.
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From 1959 to 2004, cumulative water production from the Tensleep is over 179
million barrels. Water production rates have varied through time, however, as all wells have
matured, water production has shown no signs of declining. Consistent with this observation,
the reservoir model incorporates an aquifer in which the pressure is maintained at 2350 psi
across the base of Tensleep Sandstone B. The aquifer model can simulate large amounts of
water connected to the reservoir. It is not essential to know how fluids move within the
aquifer, but rather how the aquifer affects our reservoir. In this study the aquifer is connected
to the base of the reservoir and exhibits an upward water drive direction. The permeability
and porosity of the Tensleep sandstone is approximately 0.32 mD and 8% respectively. The
Tensleep cap rock, dolomite, and aquifer have properties that can be estimated with respect
to the sandstone. Table 3-2 summarizes some of the characteristics of the reservoir zones
implemented in the initial flow simulations. This simplification may underestimate actual
matrix properties. By comparison, fracture permeabilities are a few orders of magnitude
greater. It is anticipated that the flow in the fracture network will dominate and the matrix
flow will be negligible. Furthermore, with each zone being layered or subdivided, more
complex models can be implemented and tested with spatially varying permeability and
porosity values (see Chapter 4).
Zone
Zone
Horizontal K
Vertical K
Porosity
#
(mD)
(mD)
1
Shale Cap Rock
0.10
0.010
0.01
2
Tensleep Sandstone A
0.32
0.032
0.08
3
Tensleep Dolomite B
0.20
0.020
0.04
4
Tensleep Sandstone B
0.32
0.032
0.08
5
Aquifer
10
1
0.20
Table 3-2. Matrix porosity and permeability values for initial simulator model. Aquifer is at
2350 psi constant water pressure.
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3.7 Discussion and Conclusion
A reservoir model for the fractured Tensleep reservoir at Teapot Dome was
developed to serve as a starting model for flow simulations using ECLIPSE 100. The model
consists of 5 geologic flow zones or layers depicting key subdivisions of the Tensleep
reservoir. Subdivisions include the Tensleep sandstones A, and B and the intervening B
dolomite. The top layer of the model above Sandstone A represents a zone of decreased
permeability which is capped by the Opeche Shale. The bottom layer of the reservoir is
represented as an aquifer that supplies the water drive. The aquifer corresponds to the
underlying Madison Limestone. Natural fracture networks within the Tensleep connect the
reservoir to the water drive which maintains reservoir pressure.
Eleven fracture sets were generated for three of the geologic layers (Tensleep
sandstones A and B and the intervening B dolomite). These fracture sets are based on
fracture observations from the FMI log for well 67-1-X-10. This well is the only well with an
FMI log inside the Tensleep oil producing area. There were no fracture observations in
Tensleep Sandstone A for this well; surrogate fracture orientations for sandstone A were
obtained from adjacent FMI wells. The fracture density and distribution through the reservoir
model is based on ant tracking which is a 3D seismic attribute that represents disruption of
seismic amplitude and may be associated with areas of increased fracture density. A fracture
aperture distribution was developed based on the apertures measured in the FMI log from
well 67-1-X-10. Fracture lengths are based in part on an assumed relationship to bed
thickness and are extrapolated to reservoir scale using a power law distribution. The fracture
permeabilities also follow a power-law and have been capped at a maximum of 9999 mD.
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The properties of fracture length, aperture, permeability, and fracture-matrix coupling are
upscaled into the 3D gridded reservoir model. The model was developed in Petrel, which
serves as the front-end interface to ECLIPSE. The viability of the initial model fracture
network can be tested through flow simulations to determine whether matrix and fracture
network systems yield production histories similar to those observed in wells throughout the
field. It is intended that properties of the fracture networks can be adjusted to improve the
similarity between predicted and observed production history.
A prescribed workflow for testing out the reservoir model consists of initial flow
simulations to examine how well a single porosity model with an aquifer explains production
history. This would be followed by a simulation case that includes just the fracture network
and the aquifer. Lastly, full implementation of a dual permeability model would incorporate
the properties of both the matrix and fracture network along with the aquifer. Future
simulation work seeks to refine the fracture networks to produce a better history match.
Model refinements rely on the implementation of an integrated workflow that
incorporates iterative adjustments to network properties obtained from the Petrel “ant
tracking” process and borehole observations. Fracture characterization and flow simulation
use a combination of tools present in Petrel. These include automated structural and fault
interpretation workflows integrated with fracture modeling tools that simulate naturally
fractured reservoirs for use in ECLIPSE dual porosity simulations. This analysis will provide
better understanding of the nature of flow in naturally fractured reservoirs and help design
tertiary CO2 recovery operations as well as increase carbon storage potential.
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Previous modeling efforts at Teapot Dome were conducted by Garcia (2006). In his
simulation model, the Tensleep Formation initially contained 5.8 MMSTBO ( x106 stock
tank barrels of oil). At the end of the history match period, 1.52 MMSTB were produced.
This figure represents 26% of the OOIP (original oil in place). The remaining oil in place is
4.28 MMSTBO. Despite the high water cut in all the wells, the average remaining oil
saturation at the end of the history match was 40%.
Water breakthrough in the wells through the fracture system caused a non-uniform
advance of the water front and therefore poor sweep efficiency. High permeability fractures
enable water breakthrough earlier than the low-permeability fractures, leaving some
untapped oil reserves behind (Garcia, 2006).
Preliminary flow simulations conducted in this study are discussed in Chapter 4. To
broadly assess the reservoir model, four flow simulation cases are considered. The first case
considers a single porosity model consisting of just the matrix and no aquifer. The second
case considers a single porosity model consisting of the matrix and an aquifer, but no fracture
network. The third case considers the fracture networks and aquifer, but no matrix. The
fourth case is a dual permeability simulation that includes both the matrix and the fracture
network along with the aquifer.
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Chapter 4.
Flow Simulation
Abstract:
A dual permeability model of the Tensleep Reservoir at Teapot Dome was developed.
The model is comprised of matrix and fracture properties in the presence of a water drive
(underlying aquifer). Four initial flow simulation cases are considered here to assess the
influence of the matrix, the fracture network, and the aquifer. These cases were performed
using Schlumberger’s ECLIPSE simulator in “prediction” mode.
Case 1 corresponds to a single porosity model that incorporates only matrix flow.
This simulation case failed. Without a water drive, the reservoir pressure dropped rapidly and
the simulation terminated. Case 2 incorporates the matrix and the aquifer water drive. This
case produces an insignificant amount of oil. Case 3 considers the fracture network and
aquifer without the matrix. This case also produces very little oil. Lastly, case 4, is the dual
permeability case consisting of all three elements: the matrix, fracture network and the
aquifer. A successful simulation for this case was not obtained due to numerous error
messages and convergence problems.
4.1 Introduction
Analysis presented in Chapter 2 and 3 has lead to the development of a dual
permeability reservoir model with fluid flow permissible between matrix-fracture, matrixmatrix, and fracture-fracture, Figure 4-1. Successful flow simulations for this model require
definition of many reservoir parameters. Some key reservoir parameters include porosity and
permeability of the matrix, porosity and permeability of the fracture network, orientation,
density and stratigraphic variation in the properties of the reservoir fractures, saturation
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functions (relative permeabilities), reservoir temperature, pressure, and depth of the water
contact. Furthermore, since pressure is sustained through a water drive in the underlying
Madison limestone, the Tensleep reservoir model requires incorporation of an aquifer of
appropriate size, depth, flow rate, and capacity. There is uncertainty in all these parameters.
The process of obtaining a good match between the model simulation and actual production
history is an iterative process. Iterative refinement of the model is integral to the history
matching process.

Arrows denote
possible pathways
for solute transport.

Figure 4-1. Dual porosity and dual permeability conceptual models for matrix diffusion in
fractured rock. The dual permeability model includes advection between the matrix and the
fractures, and flow within the matrix. (Modified, Ho, 2000)
Problems encountered with the Petrel to ECLIPSE interface required that initial
modeling efforts be undertaken in collaboration with Schlumberger engineers located at
Schlumberger’s Calgary office. I provided them with the 3D Tensleep reservoir model
developed in Chapters 2 and 3. This model (Model 1) includes matrix and fracture network
properties, fluid model, rock physics, and aquifer, plus well production history for 18 wells.
The Schlumberger engineers subsequently resolved the ECLIPSE keyword issues. The effort
resulted in the development of four initial simulation cases run in prediction mode.
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Furthermore, Schlumberger also developed a second reservoir model (Model 2) consisting of
finer grid cells, upscaled log-based matrix porosity and permeability properties, and upscaled
fracture network properties with larger fracture permeability values.
4.2 Tensleep Reservoir Models
Two reservoir models where developed for use in flow simulations. Model 1 is a
simplified model consisting of 100x100 foot grid cells where the geologic zones are defined
by discrete matrix porosity and permeability values, Figure 4-2A. These values are based on
mean values from core samples and are intentionally limited; the focus being on the fracture
networks. The fracture network for this reservoir model is comprised of 11 fracture sets
distributed among 3 geologic zones: the Tensleep A and B sandstones, and the intervening
Dolomite B. Model 1 also includes an underlying aquifer that provides a water drive,
maintaining the Tensleep reservoir pressure.
The second reservoir model, Model 2, Figure 4-2B, was developed by Schlumberger
engineers and shares a number of the features of Model 1, including the same spatial extent,
geologic zones, aquifer, and fracture sets. Model 2 is a little more intricate using property
modeling tools to upscale well log based porosity values into the 3D gridded model. The 3D
gridded model uses smaller 50x50 foot grid cells. Together, higher resolution of the Tensleep
matrix properties is obtained. The most significant difference is that Model 1 has a more
conservative matrix porosity. Model 2 uses the same fracture sets, however upscaled fracture
permeability values are significantly higher than in Model 1. Table 4-1 compares the
differences between the two models.
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A

Model 1, 100x100 ft grid cells

80x80 ft grid cells
B Model 2, 50x50

Figure 4-2. Tensleep models 1 and 2 share the same spatial extent and underlying aquifer.
A) Model 1 consists of geologic zones with discrete porosity and permeability values. B)
Model 2 uses a finer 3D grid and implements log-based matrix porosity upscaling. Both
models share the same fracture network, however Model 2 uses larger fracture permeability
values.
Porosity
#1
Cap rock

Matrix

Tensleep Sandstone A

1%

8%

Permeability

#2

#1

#2

0.1mD

I: 0.1 μD - 135mD
J: 0.1 μD - 140mD
K: 0.1 μD - 52mD

0.32mD

I: 0.1 μD - 160mD
J: 0.1 μD - 160mD
K: 0.1 μD - 49mD

0 - 22%

0.2mD

I: 0.1 μD - 124mD
J: 0.1 μD - 125mD
K: 0.1 μD - 64mD
I: 0.1 μD - 124mD
J: 0.1 μD - 125mD
K: 0.1 μD - 43mD

0 - 18%

0 - 21%

Tensleep Dolomite B

4%

Tensleep Sandstone B

8%

0 - 19%

0.32mD

Aquifer

10%

0 - 12%

0.32mD

I: 0.1 μD - 25mD
J: 0.1 μD - 25mD
K: 0.1 μD - 9mD

0.4‰

0 - 0.02%

1 – 3 mD

I: 0 – 2011.5mD
J: 0 – 1686.7mD
K: 0 - 3077mD

Upscaled fracture
properties

Table 4-1. Porosity and permeability values for reservoir models 1 and 2. Upscaled fracture
property values are at the bottom of the table. Porosity and permeability properties for Model
2 was developed by Schlumberger.
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4.3 Simulation Case 1: Matrix Only (no Aquifer and no Fracture Network)
Case 1 is a single porosity flow simulation where the reservoir is described only by
the matrix properties. The fracture network and water drive is absent in this model. The
model is comprised of four geologic units: Tensleep sandstones A and B, Tensleep Dolomite
B, and an overlying caprock.
Using reservoir Model 1, this simulation case did not successfully run to completion.
Early in the run the reservoir pressure drops dramatically from the starting value of 2350 psi
down to ~70 psi. Without pressure support to the reservoir the simulation terminates. In this
matrix-only run, the matrix did not provide adequate transmissibility to maintain reservoir.
As oil was produced, oil flow through the matrix was too slow to maintain the bottom hole
pressure, which drops below the bubble point of 76 psi during simulation. This result
suggests that a successful simulation requires the presence of an aquifer to maintain reservoir
pressure. Furthermore, given the dramatic pressure drop seen with Model 1, a simulation
Case 1 was not attempted for Model 2.
4.4 Simulation Case 2: Matrix with Aquifer (no Fracture Network)
The second case assumes that production was entirely from the matrix and that
pressure was maintained by the deeper aquifer. This is a (matrix) single porosity simulation.
The simulation ran for an 18 year period of time extending from 1978 to 1996. This
corresponds to the period of active field development. Production from wells drilled during
that time accounts for the bulk of the oil produced from the reservoir (see Figure G-2B).
Model 1
The single porosity matrix model (Model 1) used a matrix porosity of 8% for the
sandstones and 4 % for the dolomite. A matrix permeability of 0.32mD for sandstones A and
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B was used. The18 year simulation only produced a minimal 3500 barrels of oil (Figure 4-3)
from all the Tensleep wells; whereas the actual Tensleep field production is 1.85 million
STB. The original oil in place (OOIP) for this model was only 7000 barrels. Obviously, this
value is much smaller than the actual computed Tensleep OOIP of 3.83 million STB.
Cumulative simulated water production from the reservoir was 5.5 million barrels which is
insignificant to actual water production of ~180 million STB. This simulation yields
excessive water production accompanied by minor oil production. For reference, the highest
producing well in the field (56-TPX10) produced 364,435 STB oil and 29,358,501 STB
water. For the field as a whole, 1,850,000 STB oil and 179,840,000 STB water have been
produced as of December of 2004.
The single porosity (matrix-only, with aquifer) simulations yielded poor agreement
between actual and simulated production. The single porosity flow simulation shows that
both the oil and water production is too low. As noted, the single porosity model fails to
maintain water recharge rate and pressure even with the underlying water drive (Figure H-3).
The aquifer has ~4100 cell connections out of approximately 4554 cells in the bottom layer
of the model. These connections enable an upward water flow into the base of the Tensleep
Sandstone B. However, the limited permeability associated with the single porosity matrix
simulation does not facilitate rapid communication into the overlying strata (Tensleep
Sandstone B).The results also indicate that the oil/water contact may need to be lowered.
Model 2
Model 2 has more liberal matrix porosity than does Model 1, and this becomes
evident in the simulation. The OOIP for Model 2 is 7 million barrels which is nearly doubled
that of the actual Tensleep field, Figure 4-3. It appears that the true matrix porosity regime
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for the reservoir is likely midway between Model 1 and Model 2. Still, fracture porosity will
also need to be considered. The simulation of oil production for Model 2 is 60,000 STB
which is a significant improvement over Model 1. This value appears small in contrast to the
7 million STB OOIP for this simulation and suggests that matrix permeability still impairs oil
production. The permeability offered by fracture networks will likely be required to provide
substantial oil production to explain actual field total oil produced (TOP).

Case 2:

Case 3:

Matrix &7,000,000
Aquifer

Fractures & Aquifer

7,000,000

7,000,000
6,000,000

Oil (Barrels)

5,000,000

OOIP

TOP

3,830,000

4,000,000
3,000,000

1,850,000

2,000,000

7,000

1,000,000

60,000

3,500

3,300

1,500

239,000

62,000

0

Tensleep
Field
Reservoir

Model 1
Model 1

Model 2
Model 2

Model 1
Model 1

Model 2
Model 2

Figure 4-3. Oil production results from flow simulation cases 2 and 3. OOIP is original oil in
place; TOP is total oil produced. Tensleep reservoir field values are provided as reference.
TOP for the Tensleep is based on production from 18 wells from 1959 to 2004.
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4.5 Simulation Case 3: Fracture Network with Aquifer
The third case considers production from the reservoir fracture network with water
drive from the aquifer. The matrix is removed from this simulation, Figure 4-4.
Model 1
Results of the fracture plus aquifer simulation were poor. For Model 1 only 1500 STB
of oil was produced from the fracture network. Water production was also small at 900,000
STB. The computed OOIP for the fracture network was 3300 barrels which explains why oil
production was so low. This result indicates that both the fracture porosity and permeability
are too low. Though the matrix porosity isn’t considered here, the OOIP of 3300 barrels for
the fracture network suggests that fracture porosity is too low. Furthermore, the fracture
permeability is much too small considering that actual water production for the Tensleep is
close to180 million STB.
Model 2
Model 2 had fracture porosity and permeability values much greater than Model 1.
The simulated production results still fell short of actual field values. The computed OOIP
for this case was 239,000 STB which is just 6.24 % of the actual OOIP for the field. The total
oil produced was 62,000 STB, and again falls short of the 1.85 million STB of oil that has
been actually produced, Figure 4-3. The simulated water production for this case was 2.8
million STB water. With actual water production of ~180 million barrels, it appears that
either the fracture permeability is still too small, or there is a connectivity problem with the
aquifer.
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Fracture
Networks for
Tensleep:

Section 10

Sandstone A
Dolomite B
Sandstone B

Aquifer

Figure 4-4. Simulation Case 3 with fracture networks and water drive from underlying
aquifer. Tensleep matrix is removed. Reservoir models 1 and 2 use the same fracture
networks, but with different upscaled fracture porosity and permeability values.

4.6 Simulation Case 4: Matrix and Fracture Network with Aquifer
The fourth case is the dual permeability case that combines both the matrix and
fracture network along with an aquifer. There has been no successful simulation of this dual
permeability system. Numerous error messages and convergence problems terminate the run
of the simulation. One possible explanation for this may be a conflict at grid cells where the
matrix permeability is low and the fracture permeability property is high. Further
investigation into the true nature of the simulation problem is required.
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4.7 Discussion and Conclusion
Four preliminary flow simulations were attempted to help weigh the significance of
the role that matrix and fracture network contribute to the reservoir’s production. These
simulations were prediction strategies; a history matching run still remains to be
accomplished.
Simulation case 1 consisted of a single porosity matrix model with no water drive.
Loss of reservoir pressure results in premature termination of the simulation. Simulation case
2 considered a single porosity matrix model with a water drive provided by an underlying
aquifer. In contrast to actual Tensleep total oil production of 1.85 million STB, Model 1
produced only 0.19 % and Model 2 produced 3.24 % of this volume. Both matrix models fail
to explain the actual oil production. This is even true of Model 2 that has a computed OOIP
of 7 million barrels; twice that of the actual Tensleep reservoir. Simulation case 3 fairs no
better. Simulation case 3 is a single porosity fracture network model with a water drive but
no matrix. Model 1 produced only 0.08 % and Model 2 produced 3.35 % of the actual total
Tensleep oil production (1.85 million STB). Simulation case 4 is the dual permeability case
that includes both the matrix and the fracture network along with the water drive.
Unfortunately, there was no success in running this simulation. The simulation terminated as
a result of abundant error messages and convergence problems.
The initial simulations reveal that neither the matrix-only or fracture-network-only
representations explain total Tensleep production from the field. The results from simulation
cases 2 and 3 suggest that even if the two were combined, their simulated total oil produced
will likely be a fraction of the actual Tensleep total production.
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There have been a number of revisions along the way, including regridding of an
original 200x200 foot grid-cell model to a 100x100 foot grid-cell model (aligned to the S1
fault). The initial matrix vertical permeability values were wrongly assigned in Model 1 and
more conservative values have been implemented such that Kh:Kv is now 10:1.
Preliminary flow simulations suggest that the upscaled fractured porosity and
permeability numbers may be too small and need to be scrutinized.
The fracture density scale was based on ant tracking parameters resulting with a
closest fracture spacing capped at 1 foot. Based on fracture aperture, fracture permeability
was capped at 9999 mD. The upscaled fracture permeabilities however were less than 3 mD
for reservoir Model 1 which suggests that there may be an issue with the fracture property
upscaling process. Even reservoir Model 2, with fracture permeability upward of 1 to 3
Darcy, produced very little oil and much less water than expected.
4.8 Future Research
Future research uses flow simulations to refine models of the natural fracture network
in the Tensleep Formation, Teapot Dome, Wyoming. Attributes defining the natural fracture
networks would be varied to improve the match between predicted and actual production
history. Key fracture attributes that can be included in the refinement process include fracture
density, length, distribution, and aperture. The attributes essentially contribute to the
permeability of the fracture network. The relative importance of individual systematic
fracture sets can be evaluated through flow simulations and production history matching.
Certainly an ambitious effort is required. A more realistic effort would be to hone in on
matrix and fracture properties so that simulated production results approximate actual field
production numbers. One approach that may spawn positive results is to assume that ~100 %
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of the total oil produced resided in the fracture network. This known oil volume can be used
to compute the volume occupied by the open fracture network. Working backwards, a better
approximation for fracture aperture, permeability, and density may be obtained. There is still
plenty to do. Two appropriate initiatives would be to verify that the fracture network
properties are being realistically upscaled into the 3D grid, and to resolve the dual
permeability simulation obstacles.
The work thus far has employed automated structural and fault interpretation
workflows in Schlumberger’s Petrel software combined with fracture modeling tools to
simulate the Tensleep reservoir fracture network for use in Schlumberger’s ECLIPSE dual
porosity simulator. Considering multiple variations in the fracture network properties
requires revisititing the steps in the fracture property and fracture property upscaling
workflow. Future work can benefit from taking advantage of Petrel’s “workflow editor”
which is a programming-like interface. Using this tool, multiple iterations can be considered
by stepping through a parameter value (i.e. varying fracture apertures) and subsequently
submitting the new model to the ECLIPSE simulator.
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Chapter 5.
Summary
The reader should refer to individual chapter conclusions for a detailed summary of
results and accomplishments.
This research effort resulted in development of a comprehensive fractured reservoir
model of the Tensleep reservoir at Teapot Dome, Wyoming. The Tensleep Formation is a
tight oil reservoir that produces from fractured eolian sandstone intervals. The model was
developed in Petrel for use in ECLIPSE 100 flow simulations. The 3D gridded Tensleep
reservoir model is comprised of 54648 cells having areas of approximately 100 x 100 feet.
The grid consists of five zones or geologic layers: a cap rock, Tensleep Sandstone A,
Tensleep Dolomite B, Tensleep Sandstone B, and an underlying aquifer. Each zone has been
described in terms of matrix porosity and permeability. Furthermore, each zone includes sets
of open fracture networks based on FMI observations. The reservoir scale fracture density
distribution is related to a measure reflection discontinuity in the 3D seismic data. Fracture
lengths are estimated assuming a correlation to bed thickness and follow a power law
distribution. The model also includes other necessary parameters like relative permeability
curves, oil-water contact depth, and initial reservoir pressure.
Fractured reservoirs are difficult to characterize away from the wellbore where
detailed FMI images and core may not be available to define fracture orientation and density.
New integrated technologies are emerging that allow the interpreter and modeler to develop a
model of the fractured reservoir that is consistent with production history. Discontinuities in
reflection amplitude and properties inferred from 3D seismic are often associated with faults
and fracture zones. A variety of approaches have been developed in recent years to do this
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(e.g. see Bahorich and Farmer, 1995). Petrel has a process referred to as ant tracking which
was used in this study to extrapolate fracture systems through the reservoir. An integrated
analysis of the Tensleep reservoir was undertaken to help understand the impact of fractures
on oil production from this tight eolian sandstones and dolomite sequences. The general
characteristics of fracturing within the Tensleep are inferred from a set of 5 FMI logs and
limited core observations. Fracture characterization and flow simulation use a combination of
tools present in Petrel 2007.1. These include automated structural and fault interpretation
workflows integrated with fracture modeling tools that simulate naturally fractured reservoirs
for use in ECLIPSE dual porosity simulations. The aim is to improve the match between
calculated and observed production histories.
Preliminary flow simulation results for both a single porosity matrix model and single
porosity fracture network model completely underestimate historical oil and water production
from the Tensleep reservoir. Both matrix and fracture network properties require further
refinement. A true dual permeability simulation was never successfully run.
Future analysis will provide a better understanding of how flow occurs in naturally
fractured reservoirs, and allow more accurate design of tertiary recovery operations using
CO2 injection.
Specific research efforts included:
•

Analysis of FMI logs and 3-D seismic data to describe and characterize natural
fracture networks in the Tensleep reservoir.

•

Revision of earlier stochastic models of the reservoir fracture network developed by
Schwartz, (2006).

•

Use of a 3D seismic attributes to guide fracture distribution away from the borehole
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•

Use of power laws to define the distribution of fracture length and aperture, and
fracture modeling tools to generate fracture networks.

•

Used rock properties derived from core and core plugs conducted by RMOTC to
describe the matrix and developed a fluid model for the Tensleep reservoir.

•

Full usage of Petrel to develop a 3D gridded reservoir model comprised of matrix and
fracture network properties.
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Appendix A. Fracture characteristics obtained by Schwartz, 2006.
Working with fracture data based on 5 FMI wells at Teapot Dome, Wyoming,
Schwartz (2006) characterized the fractures within the Tensleep. The numerical results of
Schwartz’s work are summarized in Tables A-1, A-2, A-3, and A-4. The characterization of
the reservoir fracture network provided by Schwartz is used to develop the reservoir scale
fracture model in this study. Table A-5 shows Gilbertson’s suggested fracture parameters for
use at Teapot Dome.

Table A-1. Fracture mean dip angle (Schwartz, 2006).
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Table A-2. Fracture strike data (Schwartz, 2006).
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Table A-3. Fracture density (Schwartz, 2006).

Table A-4. Aperture data (Schwartz, 2006).
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Gilbertson (2006) studied the Tensleep fracture systems exposed along the Alcova
anticline located 56 miles SW of Teapot Dome. Table A-5 shows Gilbertson’s suggested
fracture parameters for use at Teapot Dome.

Table A-5. Tensleep fracture data (Gilbertson, 2006).
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Appendix B. Log Interpretation.
Stratigraphic well correlations based on geophysical logs were used to pick the top of
the Tensleep Formation (see Figures 2-15 and 3-11) and its subdivisions: the oil producing
sandstones A and B, and the intervening layer Dolomite B.
Tensleep production is confined to sandstones A and B so that the representative
reservoir model includes two productive zones separated by the relatively impermeable B
Dolomite. The FMI log for well 67-1-X-10 reveals an abundance of open fractures occurring
in the B Dolomite, Figure B-1, and may provide communication between the two sandstones.

Rose
GR

NPOR DPHZ PEF

Tadpoles

Diagrams

Opeche
Shale

SS A
Dolo B
Tensleep
Reservoir

SS B

Tensleep
C

Figure B-1 .Stratigraphic picks based on the GR and PEF logs from the 67-1-X-10 well. Rose
diagrams of open fractures are illustrated for each interval. Fracture dip and dip azimuth are
shown in an accompanying tadpole plot.
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Appendix C. Fracture orientations relative to bed dip.
Bedding dip at the FMI well locations was approximated using depth-converted
Tensleep reflection travel time. Dips ranged from 1.7 to 7.11 degrees. The bedding dips and
dip azimuths are shown in the rose diagrams in Figure C-1. These values are used to compute
fracture orientations relative to bedding surfaces rather than to the plane normal to the
borehole. Fracture dip corrections for Tensleep fractures are shown in Figures C-2 through
C-6 for all 5 FMI wells. Since the bed dip is low the corrections are small.
Bed
Dip

Bed Dip
Azimuth

1.70, 322.49

6.18, 10.08
48-X-28

71-1-X-4

7.11, 122.34
Section 10

Depth
Subsea

67-1-X-10

-100

61-2-X-15

5.18, 133.71

25-1-x-14
1 mile

5.67, 137.65

Figure C-1. Dips and dip azimuth of the depth-converted Tensleep reflection event calculated
at the locations of the five FMI wells. Pole positions plot near the center of the stereonet
indicating very shallow dip angles (1.7º to 7.11º).
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Figure C-2. Fracture strikes and poles to the fractures are shown for the 48-X-28 well. Bed
dip and dip azimuth at this location are (1.70º, 322.49º).
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Figure C-3. Fracture strikes and poles to the fractures are shown for the 71-1-X-10 well. Bed
dip and dip azimuth at this location are (6.18º, 10.08º).
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Figure C-4. Fracture strikes and poles to the fractures are shown for the 67-1-X-10 well. Bed
dip and dip azimuth at this location are (7.11º, 122.34º).
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Figure C-5. Fracture strikes and poles to the fractures are shown for the 61-2-X-15 well. Bed
dip and dip azimuth at this location are (5.18º, 133.71º).
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Figure C-6. Fracture strikes and poles to the fractures are shown for the 25-1-X-14 well. Bed
dip and dip azimuth at this location are (1.70º, 137.65º).
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Appendix D. Creating Discrete Fracture Networks.
This appendix describes the Petrel dialogue used to created fracture networks and
illustrates the fracture networks created for this study.
The Create discrete fracture network dialogue (Figure D-1) enables fracture sets to be
generated, constrained, controlled and varied in a number of ways. The dialogue begins with
selection of a method, for example stochastic, and identifying which 3D grid to place the
fractures in. The fracture network model can consist of one or more fracture sets that can
exist in one or more zones. Each fracture set is prepared by completing the three tabs within
this dialogue, the first of which is Distribution. The Distribution tab identifies the zone a
fracture set is generated for as well as the density of the fractures within that zone (Figure D1A). A zone is commonly a specific rock unit or bed. By default, fractures are vertically
confined (truncated) to the zone of interest. However, a certain percentage of the fractures
can be permitted to extend above or below their zone (Figure D-1A). The fracture density
distribution can be guided by 3D grid properties, surface variations, or set to a constant. This
research used the ant tracking gridded property as discussed in Appendix E. The Geometry
tab controls the shape and length of the fractures. The fractures here are approximated by
rectangles (4 sides) and the fracture lengths are guided by a power law model (Figure D-1B)
that is governed by a shape and scale factor.
Lastly, the Orientation tab controls the dip, dip azimuth, and concentration of the
fractures. The concentration here can be thought of as the dip and azimuth “spread
distribution”. The fracture poles are scattered around a mean dip and azimuth based on a
concentration. For example, if fracture poles are plotted on a stereonet, a concentration of 0
produces a widely dispersed distribution while a concentration of 100 is tightly constrained.
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A

C=100

Concentration
examples
plotted in
lower
hemisphere.

C=75

Dip = 45°
Fracture density
distribution guided
by ant tracking
property.

Dip Azimuth: 45°
C=50

C=25

B

Concentration: controls the
scatter of the fractures.
C

Fracture length guided by
power law model.

Figure D-1. The Create discrete fracture network dialogue windows are illustrated.
A) The upper portion of the dialogue deals with naming the fracture set and for which grid it
is applicable to. The Distribution tab controls where and how the fractures are to be
distributed. B). The Geometry tab controls fracture length and the shape of the fractures. C)
The Orientation tab identifies a target fracture orientation and a concentration factor that
controls the amount of scatter or spread around the target.
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Based on FMI well log observations of open fractures, a histogram of the fracture
dips (Figure D-2A) has a mode of 78 degrees. There is also substantial spread in the dips
towards smaller angles. It is possible that some of the very shallow dips may be falsely
interpreted dunal crossbedding planes. Furthermore, there may also be under representation
of near-vertical fractures. Given these considerations, a fracture dip value of 78 degrees and
fracture concentration value of 75 was selected. The resulting fracture network model has a
tighter fracture dip distribution (Figure D-2B) with increased occurrence of near-vertical
fractures.

A

FMI Observations
Fracture Dip Distribution

B

Modeled Dip
Fracture Dip Distribution

Figure D-2. Open fracture dip distributions. A) Fracture dip histogram based on FMI log
observations from all five FMI wells. B) Modeled fracture dip distribution based on a mean
dip angle of 78 degrees and concentration (scatter value) of 75.
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A total of 11 fracture sets were created for use in this study. Fracture sets 1 through 4
were generated for the Tensleep Sandstone A zone. Tensleep Dolomite B zone consist of
three fracture sets (5, 6, and 7). Lastly, the Tensleep Sandstone B is characterized by three
more fracture sets (8 through 11). The values used to create the fracture networks are
compiled in Table. D-1
Distribution

Geometry

Fracture
Confined
Elongation
Ratio
Set
Zone
to zone Sides
Length
1
SS A
100%
4
2
Power
2
SS A
100%
4
2
Power
3
SS A
100%
4
2
Power
4
SS A
100%
4
2
Power
5
Dolo B
80%
4
2
Power
6
Dolo B
80%
4
2
Power
7
Dolo B
80%
4
2
Power
8
SS B
100%
4
2
Power
9
SS B
100%
4
2
Power
10
SS B
100%
4
2
Power
11
SS B
100%
4
2
Power

Shape
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1

Scale
108.3
108.3
108.3
108.3
44
44
44
208.3
208.3
208.3
208.3

Orientation
Mean
Mean
Dip
Min (ft) Max (ft) Dip Azimuth Concentration
54
2000
78
19.13
75
54
2000
78
39.54
75
54
2000
78
345.18
75
54
2000
78
356.44
75
22
2000
78
358.69
75
22
2000
78
18.1
75
22
2000
78
61.57
75
104
2000
78
358.89
75
104
2000
78
20.77
75
104
2000
78
63.87
75
104
2000
78
40.68
75

Table D-1. Fracture parameters used to create eleven fracture sets within the Tensleep.
The individual fracture sets are presented in Figures D-3 though D-5. The fracture
density for Tensleep Sandstone A (Figure D-3) as well as the remaining Tensleep zones is
defined by the ant track intensity property that ranges from 0 to 1. Rose diagrams in Figures
D-3 to D-5 illustrate the trend of these fracture sets.
Fracture geometry is set to 4 sided resulting in fractures that are rectangular in shape.
The elongation ratio specifies the length to height ratio. Though a power-law is used for the
fracture length, the elongation ratio appears to guide fracture heights when their heights are
less than the zone thickness. The shape and scale values are used in the fracture length
power-law distribution.
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Fracture Sets for
Tensleep Sandstone A

Section
10

Fault
S1

Thrust
Fault
Fault
S0
N

Base of

Set 1

Set 3

Sandstone A

Set 2

Set 4

Figure D-3. Sandstone A fracture sets 1 through 4 are shown in an oblique view of Section
10. The base of the Sandstone A interval is shown at top right with well identification.
Fracture set 1 is the NW hinge-oblique set. Set 2 is another NW hinge-oblique set. Set 3 is a
NE hinge-oblique set, and set 4 is the hinge-perpendicular set.
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Fracture Sets for
Tensleep Dolomite B

Section
10

Fault
S1

Thrust
Fault
Fault
S0
N

Base of

Set 5

Dolomite B

Set 6

Set 7
Figure D-4. Dolomite B fracture sets 5 through 7 are shown in an oblique view of Section 10.
The base of the Dolomite B interval is shown at top right with well identification. Fracture
set 5 is the hinge-perpendicular set. Set 6 a NW hinge-oblique set and set 7 is a hinge-parallel
set.
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Fracture Sets for
Tensleep Sandstone B

Section
10

Fault
S1

Thrust
Fault
Fault
S0
N

Base of

Set 8

Set 9

Set 10

Set 11

Sandstone B

Figure D-5. Sandstone B fracture sets 8 through 11 are shown in an oblique view of Section
10. The base of the Sandstone B interval is shown at top right with well identification.
Fracture set 8 is the hinge-perpendicular set. Set 9 is a NW hinge-oblique set. Set 10 is a
hinge-parallel set and set 11 is another NW hinge-oblique set.
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Appendix E. Using Seismic Attributes as a Property to drive Fracture
Distribution.
3D seismic attributes were used to help guide fracture distribution and density
throughout the reservoir model. The workflow first used a variance seismic attribute to detect
discontinuities and disturbances in the seismic amplitudes followed by an ant tracking
attribute that helps refine patterns in the variance that may be attributed to faulting and
fracturing. The gridded ant tracking attribute intensity values are used to guide fracture
density, Figure E-1.

Seismic Attribute:
Variance

3D Seismic

Seismic Attribute:
Ant Tracking

S3

Section
10

S1

S0

TWT =
1050 ms

Ant Tracking
Gridded Ant
Seismic Attribute
Tracking Intensity
S1

1000 ft

Fracture
Networks

1000 ft

N
S0

Figure E-1. Workflow depicting the use of seismic attributes (i.e. variance and ant tracking)
to define fracture density.
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The ant tracking intensity scale has a default range of -1 to +1. The generation of
fracture networks requires a density driver that is spatially dependant. Fracture density used
in this study is fracture area/ fracture volume and must consist of positive values. The
original -1 to +1 range was rescaled to 0 to 1 to satisfy this constraint. This range appeared to
produce a substantial number of fractures with ample well intersections. This was
accomplished by adding 1 to the original ant tracking values and dividing everything by 2
(Figure E-2).
Schwartz (2006) evaluated vertical fracture density (fractures/foot) for the same five
FMI wells used in this study and the values ranged from 0.03 to 0.59. Based on well 67-1-X10, Schwartz calculated a Dolomite B fracture density of 0.39 and a Sandstone B fracture
density of 0.10. For this well there were no apparent open fractures for Sandstone A. For the
remaining wells, the mean fracture density for Sandstone A was 0.26 with a standard
deviation of 0.22, (Schwartz, 2006).

A

Intensity range
-1 to +1

B

0.20 bin size

Modified intensity range
0 to 1
0.10 bin size
(AntTrack_Orig + 1) / 2

Figure E-2. Ant track distributions. A) The original ant tracking intensity range is -1 to +1.
B) Fracture density values must be positive. A modification of the original ant tracking
distribution yields a similar distribution which is now ranging from 0 to +1.
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When used to drive fracture density, the 0 to 1 range of ant track values produced a
very dense pattern of fractures (Figure E-3A). Rescaling of the ant track values to (0 to 0.1)
makes the fracture network easier to visualize and quicker to generate (Figure E-3B). The
interpreter can quickly verify whether the fractures are indeed being generated as anticipated.
The 0 to 0.1 scale range is only used for display. The density scale, 0 to 1, is used as the
starting point for preliminary flow simulations. Fracture density is just one parameter that can
be modified to improve the match between simulated and actual production history.
Ant Tracking Intensity
A

Intensity Range: 0 to 1.0

Intensity Range: 0 to 0.1

B

AntTrack5 ÷ 10

Oblique view of Section 10
Fracture count, N= 7385

Oblique view of Section 10
Fracture count, N=685

S1

S1

S0

N

S0

N

Figure E-3. A) Ant track intensity (fracture density) using a 0 to 1 range produces a model
that contains thousands of fractures. B) Ant track intensity from 0 to 0.1 produces hundreds
of fractures. Display B allows the user to view the general characterization of the reservoir
scale fracture network used for flow simulation.
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One of the shortcomings of using the FMI data from well 67-1-X-10 is that no
fractures were penetrated by the well in Tensleep Sandstone A. The FMI logs provide a
glimpse of the actual fracture distribution but most likely give a limited or incomplete view.
The modeling and refinement is intended to help develop a more realistic fracture network.
Well log derived fracture density is likely a good indicator of the minimum density and
serves as a representative starting point for estimating reservoir scale fracture density.
The key Petrel dialogue used during this process includes “resampling” of 3D seismic
attributes (i.e. ant tracking) into a gridded property using the Geometrical modeling dialogue.
See Appendix H and Figure H7-B for details. The modification of the ant tracking intensity
range can be performed after the ant tracking property has been generated. This is done with
the Petrel “calculator”. Lastly, to guide the fracture density distribution, this gridded property
is used in the Create discrete fracture network dialogue. See Appendix D and Figure D-1 for
details on this dialogue.
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Appendix F. Fracture Attribute Calculations.
Performing dual permeability flow simulation requires upscaling fracture network
properties into the reservoir grid. However, not all of the necessary fracture attributes were
computed during the Create discrete fracture network process (see Appendix D). This
appendix discusses the steps necessary to compute the remaining fracture attributes required
for scaling up the fracture network.
The Create discrete fracture network process produces a fracture attribute
spreadsheet (Figure F-1A) in which fractures are grouped by set. The spreadsheet contains
dip, dip azimuth, and fracture surface areas. Note that fracture length is not included. There
are three fracture attributes that must be calculated before the fracture networks are upscaled
to the grid. These attributes are fracture length, fracture aperture, and fracture permeability.
The workflow is depicted in Figure F-1B and implements the “calculator” (Figure F1C) to compute a fracture length based on fracture surface area, and then compute fracture
aperture based on fracture length. Lastly, fracture permeability is computed from fracture
aperture.
Since the fracture surface areas are all originally based on a power law distribution,
all of the subsequently computed values (fracture length, aperture, and permeability) will also
follow a power law behavior.
Fracture Length
Ideally, fracture length would be one of the parameters included in the fracture
attribute spreadsheet, especially since a power-law scaling method was used to describe the
fracture length distribution. Instead, Petrel generates a fracture surface area for each fracture.
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This requires the user to back-calculate the fracture length for each fracture. Thus, fracture
length is computed from fracture surface area, i.e.
Fracture_length =Surface_area / Fracture_heigth. Most fracture sets used here are
constrained by bed thickness. Thus fracture height is approximated by bed thickness which
can be obtained from the well section (Figure F-2A). Fractures were created for three beds or
zones in this study. So the fracture lengths must be computed with the appropriate fracture
height. This is handled through the use of an “IF” statement that effectively sorts the fracture
sets by zone and assigns the corresponding bed thickness (fracture height). The Sandstone A
zone consists of fracture sets 1, 2, 3, and 4. The Dolomite B zone consist of fracture sets 5, 6,
and 7. Lastly, the Sandstone B zone consists of fracture sets 8, 9, 10, and 11. The results of
the fracture length calculation are placed in the fracture attributes spreadsheet and can be
plotted as a histogram, Figure F-2B.
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A
Use Create discrete fracture network to generate this table.

These
need to be
computed.

B

Fracture
Surface Area
(Given)

Calculate these attributes.
Fracture
Length

Fracture
Aperture

C

Fracture
Permeability
Enter
formula
here

Select
appropriate
template

Figure F-1. Fracture attributes are computed from fracture surface area. A) Fracture attribute
spreadsheet. The fracture surface areas have been calculated by Petrel. B) Fracture attribute
workflow. C) Calculator used for computing fracture attributes.

114

A

B

Fracture_Length=If( Fracture_set<=4, Surface_area/37.9,
If( Fracture_set>=8, Surface_area/98.1,
Surface_area/15.4))

Fracture Length Distribution
for Section 10

10000

Fracture Length (feet)

Figure F-2. Fracture Length. A) A well log cross-section through Section 10 is used to
approximate fracture height from bedding thickness. B) Fracture length is computed from
fracture height and fracture surface area. The fracture length histogram includes all fracture
sets from all zones.
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Fracture Aperture
Calculating fracture aperture is a little more tedious. The approach taken here uses a
normalized fracture aperture distribution modified by fracture lengths and is expressed:
Aperture_distribution = ABS(Fracture_Length * NORMAL[μ, σ]).
The normal distribution can be expressed as:
where x is a normal random variable, μ is the mean, σ is the standard deviation, π is
approximately 3.14159, and e is approximately 2.71828. The mean and standard deviation
values (μ = 0.00000150 and σ = 0.00000004) were obtained experimentally as described
below. Essentially, individual fracture apertures are produced by multiplying fracture lengths
with a normally generated random value.
The normal distribution is controlled by assigning a mean and standard deviation and
will affect the magnitude and spread of the computed aperture distribution. The computed
aperture distribution was compared against electrical fracture aperture measurements
(Koepsell, R., 2002b) from an FMI log (well 67-1-X-10), Figure F-3. The electrical fracture
aperture distribution ranged from 5E-5 feet to 1.3E-4 feet (0.00005 to 0.00013 feet) and
appeared to have a bimodal distribution. Alternately, the computed apertures had a
distribution that was fundamentally controlled by a power law distribution. This power law
distribution was originally implemented in Create discrete fracture network process and thus
finds its influence in all these calculations. No attempt was made to replicate a bimodal
distribution as the efforts seemed complicated enough. However, the computed apertures do
capture the general range of the data seen in the electrical fracture aperture histogram, and at
least one of the “peaks” is honored at an approximate aperture of 3E-5 feet.
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Figure F-3. Fracture aperture distributions. A) Electrical fracture aperture distribution based
on FMI log measurements, well 67-1-X-10 (Koepsell, 2002b). B) Fracture aperture
distribution based on fracture length calculations.
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Fracture Permeability
Values for fracture permeability were simplified and do not account for fracture
roughness and other hydro-mechanical effects. Fracture permeability was computed using a
cubic law relationship (Witherspoon et al., 1980) between fracture permeability and fracture
aperture, Permeability = Aperture3. This is expressed using the Petrel calculator as
Permeability=Pow(Aperture,3). It quickly becomes apparent that cubing tiny aperture values
yields insignificantly small permeability values. Thus, the results have to be multiplied by a
very large scaling constant to produce reasonable permeability values. This is considered a
“calibrating” process and requires some experimentation by the user. A scaling constant of
1E13 produced a fracture permeability distribution of 0.1 to ~10000 mD (Figure F-4). This
seemed realistic considering that the scaling constant could be anything. The distribution
contained limited occurrences of permeabilities that significantly exceeded 10000 mD by a
few orders of magnitude. These values seemed unrealistic and were subsequently capped at
9999 mD, Figure F-4B.
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A

Permeability=Pow(Aperture,3)*1E13

Fracture Permeability
Distribution for Section 10

Permeability (mD)

B Permeability=IF(Pow(Aperture,3)*1E13>10000, 9999, Pow(Aperture,3)*1E13 )

Fracture Permeability
Distribution for Section 10

Permeability (mD)

Figure F-4. Fracture permeability distributions. A) Fracture permeability is calculated from
the cube of the aperture times a scaling constant of 1E13. B) Fracture permeabilities
exceeding 10000 mD are truncated to 9999 mD.
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Additional Notes on Fracture Length Distributions
There are four models for controlling fracture lengths in Petrel: exponential, powerlaw, normal, and constant. A comparison of these four model types is shown here using
vertical fracture sets that strike east-west. Table F-1 contains the input values for the four
models. The corresponding fracture length distributions are shown in Figure F-5. The powerlaw fracture length model produced very few fractures using the density scale of 0.01. The
fracture density for the power-law model was changed to 0.10 to produce more fractures here
in this comparison.

Distribution
Fracture Length
Model

Model Parameters

Geometry
Fracture
Density

Sides

Elongation
Ratio

Min (ft) Max (ft)

Mean
Dip

Orientation
Mean
Concentration
Dip
Azimuth

Exponential

Mean: 100

0.01

4

2

20

1000

90

0

80

Power-Law

Shape: 2.1, Scale: 50

0.10

4

2

20

1000

90

0

80

Normal

Mean: 100, StDev: 20

0.01

4

2

20

1000

90

0

80

Constant: 100

0.01

4

2

20

1000

90

0

80

Constant

Table F-1. Fracture parameters used in illustrating four fracture length models shown in
Figure F-5.
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Oblique View of Section 10 Linear Length Scale

Log Length Scale

Exponential Distribution

Power Law Distribution

Normal Distribution

Constant Distribution

Figure F-5. Comparison of the four different fracture length scaling methods in Petrel.
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Miscellaneous Notes on Fracture Attributes
To ensure fracture connections between reservoir zones, a certain percentage of
generated fractures are permitted to extend beyond their zone. These fractures extend through
the zone immediately above or below and can produce fractures of significantly larger
surface area than those confined to individual zones. Thus, for any given fracture set, two
fracture surface area distributions are produced: one for zone-confined and one for the
extended. This would require a method to sort out the distributions so that the fracture
attribute calculations above can be done correctly. Furthermore, there isn’t any automatic
adjustment of fracture density within the adjacent zones penetrated by the extended fractures.
Having fracture connection between the zones is necessary for communication with
the underlying aquifer water drive. Extending fractures in the Dolomite B zone was a
conservative measure taken to facilitate fracture connectivity between zones. Dolomite B
zone consists of fracture sets 5, 6, and 7.
Basically, 10% of fractures in Dolomite B zone were permitted to extend upward
through the Sandstone A zone while another 10% of fractures were permitted to extend
downward through the Sandstone B zone. These Dolomite B “zone-extended” fractures
would tend to have a larger surface area than the remaining “zone-confined”. Without
compensating for fracture height, a correspondingly larger fracture length will be computed
for a limited number of these fractures. The consequence of this is inflated fracture
permeability for a small number of Dolomite B fractures. This effect was considered
tolerable since Dolomite B zone has mostly smaller fractures in contrast to the other two
zones. Still, this may make Dolomite B a highly permeable zone.

122

Appendix G: Examination of Production Data for the Tensleep, 1959 to
2004.
Production data for the Tensleep used in this study was provided by the RMOTC
( Tensleep Monthly Production by Well 1959 to 2004.xls from D:\NPR3_reservoir_Database\Tensleep\Production\ ). The dataset provides monthly oil and water
production from 1959 to 2004. In this appendix water and oil production data are presented
in graphical form for 20 Tensleep oil wells. Two of these wells, 57TPX3 and 412TPX3, are
not in Section 10 and have together produced only 115 barrels of oil. These two wells were
not used in the simulations performed in this thesis. Of the remaining 18 wells, only the
74TPX10 well has oil production records going back to 1959. However, water production
data for this well is absent for the first ~10 years of its operation. The remaining 17 wells
were drilled after 1978. Table G-1 lists the 20 wells and their years of operation. Well
671TPX10 is the only oil producing FMI well. Residing outside of Section 10, other FMI
wells (48-X-28, 71-1-X-4, 61-2-X-15, and 25-1-X-14) didn’t have Tensleep production data.
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Number

Well ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

432TPX10
43TPX10
441TPX10
46TPX10
51TPX10
521TPX10
53TPX10
54TPX10
55TPX10
56TPX10
62TPX10
63TPX10
671TPX10
72TPX10
73TPX10
74TPX10
75TPX10
76TPX10
412TPX3
57TPX3

Production Data
Period (years)

Comments

97-04
85-04
79-04
96-96
87-87
96-96
98-03
81-04
81-04
79-04
86-03
96-04
03-04
97-04
96-04
59-97
97-04
95-04
03-04
83-83

North of Fault S1
North of Fault S1

North of Fault S1
North of Fault S1

Peak producing well
Located on Fault S1
FMI well

Data before 1978

Didn’t use
Didn’t use
10
20

00
20

90
19

80
19

70
19

60
19

Table G-1. Tensleep well summary data. Some key producing wells came online around
1980. Another set of wells around 1995 do not produce much oil in contrast to the earlier
wells. Data available for this study were available through 2004.
Excluding well 74TPX10, the production activity can be broken into two groups. The
first group has seven wells that came online around 1980 (between 1979 and 1987) and are
referred to here as the 1980 wells. The second group has 9 wells that came on line between
1995 and 1998, (the 1990 wells). In terms of oil production, the 1990 wells initially appear to
be as productive as the 1980 wells, Figure G-1. However, the 1990 wells produce 8 times
more water in their first year in contrast to the 1980 wells. Considering 5-year cumulative
productions for these two well groups (Figure G-1), the 1990 group produces one third as
much oil as the 1980 group while producing twice as much water. This suggests depletion of
the mobile reservoir oil.
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Figure G-1. Cumulative fluid production for Tensleep wells that came on line in the 1980’s
and the 1990’s. The 1990 wells produce significantly more water than the 1980 wells while
producing even less oil.
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Key production trends for the Tensleep are summarized in Figure G-2.
Figure G-2A shows the monthly oil and water production rates from the Tensleep. The
abrupt increase in monthly production in 1979 (Figure G-2A) and the corresponding
increased slope in the cumulative production in 1979 (Figure G-2B) is due to an increased
number of wells being brought on line in the field. Production rates gradually decline from
1989 to 1995. Addition of a couple new wells around 1996 again increases the production
rate. Prior to 1977 well 74TPX10 was the only Tensleep well producing oil in Section 10,
and records on water production data were not kept until ~1977. Thus, during the period
from 1959 to 1977, the percent oil by volume is represented as100%, Figure G-2C.
Over time, oil production decreases and water production increases in all Tensleep
wells. This is true even for the peak oil producing well 56TPX10, Figure G-2D, which
produced 90% water after four years of operation.
Figures G-3 to G-7 show monthly Tensleep oil and water production curves for the 18
wells used in this research.
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Figure G-2. Tensleep production summary graphs.
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Figure G-3. Tensleep oil and water production for individual wells.
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Figure G-4. Tensleep oil and water production for individual wells.
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Figure G-5. Tensleep oil and water production for individual wells.
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Figure G-6. Tensleep oil and water production for individual wells.
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Figure G-7. Tensleep oil and water production for individual wells. Well 521TPX10
produced only 4 barrels of oil during its first month of production accompanied by 80000
barrels of water. This well had a short life and was immediately shut-in. On the other hand,
well 74TPX10 has a long production history and is the only Tensleep well having production
records preceding 1978. Its operation has been interrupted by many shut-ins.
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Appendix H: Notes on Petrel Input Parameters for ECLIPSE Simulator
Run.
Petrel supports three flow simulators:
•

FrontSim: is a 3-phase black oil streamline simulator, very fast, and is particularly
efficient for water flooding and highly heterogeneous reservoirs.

•

ECLIPSE 100: 3-phase finite difference fully implicit black oil simulator.

•

ECLIPSE 300: 3-phase finite difference fully implicit black oil and compositional
and thermal simulator.

ECLIPSE 100 was selected for this research because software documentation clearly
indicated it can handle dual permeability flow simulations involving fracture networks.
Input for flow simulation is broadly defined by two dialogues that specify the
development strategy (the Make development strategy dialogue) and simulation case (the
Define simulation case dialogue). It is within these input dialogues that we identify the wells
involved in the simulation, the many attributes that describe the reservoir, and select the
simulator type, i.e. single porosity or dual permeability. Defining the simulation case requires
a number of inputs (Figure H-1) that describe the reservoir condition, the fluids involved, the
rock matrix, and whether there are any aquifers or fracture networks. The focus of this
appendix is on the Make development strategy and Define simulation case Petrel dialogues.
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Geometrical modeling
i.e. porosity and
permeability properties
for rock matrix
Fault Analysis
Fault transmissibility
multipliers for individual
faults
Fracture Properties
up-scaled fracture
network properties

Fluid Model
Oil & water properties,
reservoir conditions
Rock physics
Functions
Rock saturation and
compaction functions
Aquifer
Location, pressure,
flow direction
Make Development
Strategy
Select wells & reporting
freq., inject or produce.
History matching or
Prediction

Define simulation case
select the simulator,
simulation type
(i.e. dual permeability)
and grid.

Simulation Output
Oil and water production
rates, pressure curves,
and cumulative
production curves.

Figure H-1. Input parameters required for performing flow simulations. A) Block diagram of
key parameters used in setting up a flow simulation (Define simulation case). B) Location of
Petrel processes used in defining the simulation case.

134

Making a development strategy
The Petrel process, Make development strategy (Figure H-2), involves identifying
which wells are included in the simulation, whether you need to run a history match or a
prediction, what type of simulator you intend to use, and the reporting frequency (time step)
of your simulation.
The initially intended strategy type for this research was History matching. This
strategy was later changed to Prediction. The simulator being used is E100 (ECLIPSE 100)
which can perform dual permeability simulations. Actual simulator type (single or dual) is
selected later in the Define simulation case dialogue. The development strategy requires
identifying the wells to include in the flow simulation. The wells selected in “Group 1”
Figure H-2, are those that were very productive from January 1978 through the end of
December of 1994. This time span was selected since it seemed most representative of the
peak oil producing period of the Tensleep reservoir. Time span selection is performed within
the left-most window of the Make development strategy dialogue (Figure H-2). The reporting
frequency of three months speeds up the flow simulation while also averaging (smoothingout) the actual historical and prediction production plots.
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A

Wells selected and included in
this strategy

B

Start and end dates

Figure H-2. The Make development strategy dialogue windows are illustrated. Input settings
help define the strategy type, wells to use, reporting frequency, start and end dates, and what
type of simulator to use. A) The Rule folder is used to define reporting frequency and history
rate control in the simulation. The History rate control permits the user to select wells and
identify their production and injection control modes. B) The reporting frequency mode sets
the time steps for the simulations. The start and end dates are entered next to the clock icons.

136

Define simulation case, Single Porosity
The Petrel process, Define simulation case, has a dialogue that allows the user to
select the simulator, its type, and the grid (reservoir model) that you want to work with (see
Figure H-3). The single porosity simulation setup used in this research (see Figures H-3 to H5) is a good starting point because it involves many of the required inputs with the exception
of the upscaled fracture network properties.
The Define simulation case is where grid properties are associated with the grid. Each
grid cell can be described by a number of discrete property values like porosity and
permeability. For example, matrix porosity and permeability (Figure H-3) for a single
porosity model are inserted as well as other properties like the connection of an aquifer and
assigning the transmissibility of faults. Grid cells can also be included or excluded from the
flow simulation using the property parameter “ACTNUM.” Reasons for excluding specific
cells from the simulation generally involve faulty or problem cells. These can include cells
that are inside-out, pinched-out, or have a tiny bulk volume. These “problem cells” if they
exist are identified during the ECLIPSE run. Although the model is built in Petrel, Petrel at
present, does not auto detect or alert you to problem cells. However, Petrel property tools can
be used to locate problem cells. For example the property filter tool can either use a color
scheme to highlight the cells that are dramatically different than the mean, or turn off all the
“good” cells thereby exposing the out-fliers in the population.
The Define simulation case dialogue has four more tabs that require input. Parameters
used to define the reservoir’s rock and fluid models and the initial conditions are entered
through the Functions tab, (Figure H-4). These parameters include the relative permeability
curves, fluid models, and rock compaction functions. This input data was assembled though
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various Petrel dialogues (see Figure H-1) and their tables or functions are all found within the
Petrel Input window. The reservoir has insignificant traces of gas and so the models and
functions used are oil and water specific, ignoring the presence of any gas.

Options include:

Simulator :

Simulator Type :

FrontSim
ECLIPSE 100
ECLIPSE 300

Single Porosity
Dual Porosity
Dual Permeability

Matrix
properties

Figure H-3. The Define simulation case dialogue window is illustrated. The input settings
shown in the window define a single porosity simulation. Note that the Grid tab is active and
that input properties 1 through 4 describe the porosity and permeability of the rock matrix.
There are no fracture porosities or permeabilities defined in this case. The remaining
properties define or describe the faults, aquifer, and whether grid cells are active or not
through the ACTNUM property.
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For each
function…

Select the appropriate file
located on the Petrel Input tree.

Figure H-4. The Define simulation case dialogue windows are illustrated. This figure
highlights the input settings for the Functions tab. It is here that we can insert the appropriate
fluid models and rock physics functions. A) Relative permeability curves or tables. B) Black
oil fluid model. If reservoir pressure curves are unavailable, then check the box “Initialize by
equilibrium.” C) Rock compaction functions.
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There are three remaining tabs for the Define simulation case dialogue: Strategy,
Results, and Advanced. The Strategy tab is used to identify the wells and rules that were
assigned during the Make development Strategy (Figure H-5A). The Results tab presents a
pallet of simulator output options that include curves to prepare (i.e. production, pressure),
message logs and other miscellaneous outputs (Figure H-5B). Lastly, the Advanced tab
(Figure H-5C) takes care of a few remaining items; for example, you can specify that
multiple computer processors will be used to run the flow simulation. Of particular interest is
how your grid is exported to the simulator. Some grid types are more compatible with some
simulators. For the research performed here, the “GRID” export type was used for both
single porosity and dual permeability ECLIPSE 100 flow simulations.

Define simulation case, Dual Permeability
The simulation case for dual permeability simulations is setup much like that
previously described for the single porosity case. In the dual permeability case the fracture
properties are introduced (Figure H-6A). These properties include fracture porosity,
permeability, and matrix-fracture coupling. All these fracture properties are generated
through the use of Petrel’s Scale up fracture network properties process. When selecting the
dual permeability simulator type, a new sub-tab will appear under the Advanced tab that
deals with gravity drainage and permeability multipliers (Figure H-6B).
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A

B

C

Figure H-5. The Define simulation case dialogue windows are illustrated. This figure
highlights the input settings for three more tabs. A) The Strategy tab is where you import the
file made earlier from the Make development strategy. B) The Results tab permits the
selection of what type of information is generated for viewing (following a flow simulation).
C). The Advance tab addresses whether you have one or many computer processors to
perform the flow simulations, and how the grid is treated. Certain grid types are treated more
readily by certain flow simulators. In this study, both the single porosity and dual
permeability simulations used the “GRID” export type as shown.
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A

Matrix
properties

Fracture
properties

B

Figure H-6. The Define simulation case dialogue windows are illustrated here highlighting
the settings for dual permeability flow simulations. All remaining tabs maintain the same
settings as the single porosity simulation case. A) The simulator type is set to dual
permeability and fracture properties are now part of the input. B) The Advanced tab now
appears with a new sub-tab called Dual Porosity that deals with this simulation type as
illustrated.

142

Property modeling/ geometrical modeling
Properties can be generated through the Property modeling/ Geometrical modeling
dialogue. It is in this dialogue that you can enter specific property values like porosity and
permeability used in this research, as well as, upscale seismic attributes into individual grid
cells (Figure H-7). A required input option called “Quality” is used to select one of four
different sampling methods: closest, interpolate, intersecting, and exact. These sampling
methods look at nearest neighbor values and can also perform volume corrections to
compensate for variations in individual grid cell size.

Make Aquifer
The Make aquifer dialogue lets you connect an aquifer to your reservoir model
(Figure H-8). This research makes use of an aquifer that connects to the base of the reservoir
and has an upward water drive with a pressure of 2350 psi.

Fault Analysis
The Fault analysis dialogue deals with assigning transmissibility values for the faults
within and bounding the reservoir model (Figure H-9). The transmissibility values are
applicable at their corresponding assigned pressures. In this research, the faults S0 and S1
were both assigned a conservative transmissibility multiplier value of 0.2. All remaining
faults were assigned a value of zero, non-transmissible.
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Templates
handle a
property’s
units and
color scale

Input
values
for rock
matrix

B

Generated
Property

Seismic
attribute
input

Figure H-7. The Geometrical modeling dialogue windows are illustrated here showing how
grid properties are assigned. A) Matrix permeability values can be entered for each reservoir
interval and later used for either single porosity simulation or the rock matrix in a dual
permeability simulation. B). Seismic attribute volumes that have been depth converted can be
upscaled as a property for use within a grid. Each grid cell can then have an averaged or
weighed value based on the original seismic attribute realization.
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Constant
pressure
aquifer
model

Upward
drive
direction

B

Pressure
input
2350

-225

Figure H-8. The Make aquifer dialogue windows are illustrated. A) The Connections tab
helps define how and where the aquifer is connected to the reservoir, and identify the drive
direction. B) The Properties tab is for the input of the water pressure and a fluid model.
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Figure H-9. The Fault analysis dialogue window enables the assignment of fault
transmissibility multiplier values as well as their corresponding threshold pressure.

Scale up fracture network properties
The Scale up fracture network properties dialogue is required for performing dual
permeability flow simulation. Fracture networks can be generated; however, only through the
upscaling process can the simulator handle the attributes that the fractures bring to a dual
permeability reservoir. The fracture network model is the input to this process, and upscaled
properties (fracture porosity, permeability, and matrix-fracture coupling) are the output
(Figure H-10).
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The fracture
network that
is being
upscaled into
the grid.
A prefix used
for all the
properties
below
Fracture
properties
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generated
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the Define
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case

Figure H-10. The Scale up fracture network properties dialogue window is illustrated. This
dialogue receives the fracture network you have created and upscales it into your grid. The
upscaling process generates the necessary properties to enable dual permeability flow
simulations.
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